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PREFACE

THE methods of progress in theoretical physics have undergone a vast change
during the Twentieth Century. The classical tradition has been to consider
the world to be an association of observable objects (particles, fluids, fields, &c.)
moving about according to definite laws of force, so that one could form a mental
picture in space and time of the whole scheme. This led to a physics whose
aim was to make assumptions about the mechanism and forces connecting these
observable objects, to account for their behaviour in the simplest possible way.
It has become increasingly evident in recent times, however, that nature works
on a different plan. Her fundamental laws do not govern the world as it
appears in our mental picture in any very direct way, but instead they control
a substratum of which we cannot form a mental picture without introducing
irrelevancies. The formulation of these laws requires the use of the mathematics
of transformations. The important things in the world appear as the invariants
(or more generally the nearly invariants, or quantities with simple transformation
properties) of these transformations. The things we are immediately aware of are
the relations of these nearly invariants to a certain frame of reference, usually one
chosen so as to introduce special simplifying features which are unimportant from
the point of view of general theory.

The growth of the use of transformation theory, as applied first to relativity
and later to the quantum theory, is the essence of the new method in theoretical
physics. Further progress lies in the direction of making our equations invariant
under wider and still wider transformations. This state of affairs is very satisfactory
from a philosophical point of view, as implying an increasing recognition of the part
played by the observer introducing the regularities that appear in the observations,
and a lack of arbitrariness in the ways of nature, but it makes things less easy for
the learner of physics. The new theories, if one looks apart from their mathematical
setting, are built up from physical concepts which cannot be explained in terms of
things previously known to the student, which cannot even be explained adequately
in words at all. Like the fundamental concepts (e.g. proximity, identity) which
every one must learn on one’s arrival into the world, the newer concepts of physics
can be mastered only by long familiarity with their properties and uses.

From the mathematical side the approach to the new theories presents no
difficulties, as the mathematics required (at any rate that which is required for
the development of physics up to the ‘early Twentieth Century’) is not essentially
different from what had been current for a considerable time. Mathematics is
the tool specially suited for dealing with abstract concepts of any kind and there
is no limit to its power in this field. For this reason a book on the new physics,
if not purely descriptive of experimental work, must be essentially mathematical.
All the same the mathematics is only a tool and one should learn to hold the
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physical ideas in one’s mind without reference to the mathematical form. In this
book I have tried to keep the physics to the forefront, by beginning with an entirely
physical chapter and in the later work examining the physical meaning underlying
the formalism wherever possible. The amount of theoretical ground one has to
cover before being able to solve problems of real practical value is rather large, but
this circumstance is an inevitable consequence of the fundamental part played by
transformation theory and is likely to become more pronounced in the theoretical
physics of the future.

With regard to the mathematical form in which the theory can be presented,
an author must decide at the outset between two methods. There is the symbolic
method, which deals directly in an abstract way with the quantities of fundamental
importance (the invariants, &c., of the transformations) and there is the method
of co-ordinates or representations, which deals with sets of numbers corresponding
to these quantities. The second of these has usually been used for the presentation
of quantum mechanics (in fact it has been used practically exclusively with
the exception of Weyl’s book Gruppentheorie und Quantenmechanik.) It is known
under one or other of the two names ‘Wave Mechanics’ and ‘Matrix Mechanics’
according to which physical things receive emphasis in the treatment, the states
of a system or its dynamical variables. It has the advantage that the kind of
mathematics required is more familiar to the average student, and also it is
the historical method.

The symbolic method, however, seems to go more deeply into the nature
of things. It enables one to express the physical laws in a neat and concise way, and
will probably be increasingly used in the future as it becomes better understood
and its own special mathematics gets developed. For this reason I have chosen
the symbolic method, introducing the representatives later merely as an aid to
practical calculation. This has necessitated a complete break from the historical
line of development, but this break is an advantage through enabling the approach
to the new ideas to be as direct as possible.

The second half of the book contains applications to all the main fields in
which quantum mechanics has bee found useful. These applications all follow
strictly from the general assumptions of the first half, with the exception of those
of the last chapter, which gives a further theoretical development.

P. A. M. D.

ST JOHN’S COLLEGE, CAMBRIDGE

29 May 1930
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I. THE PRINCIPLE OF
SUPERPOSITION

1. Waves and Particles

IN the application of classical electrodynamics to atomic phenomena one meets
with difficulties of a very fundamental nature, which show that the classical theory
is irreconcilable with the facts. For instance, it is quite hopeless on the basis of
classical ideas to try to account for the remarkable stability of atoms and molecules
that is required in order that substances may have definite physical and chemical
properties. These difficulties have necessitated a modification of some of the most
fundamental laws of nature and have led to a new system of mechanics, called
quantum mechanics, since its most surprising (although not its most important)
differences from the old mechanics apparently show a discontinuity in certain
physical processes and a discreteness in certain dynamical variables.

Classical electrodynamics forms a self-consistent and very elegant theory,
and one might be inclined to think that no modification of it would be possible
which did not introduce arbitrary features and completely spoil its beauty. This is
not so, however, since quantum mechanics, after passing through many stages and
having its fundamental concepts changed more than once, has now reached a form
in which it can be based on general laws and is, although not yet quite complete,
even more elegant and pleasing than the classical theory in those problems with
which it deals. This is brought about by the fact that the changes made in
the classical theory are very few in number, although they are of a fundamental
nature and involve the introduction of entirely new concepts, and are such that
practically all the features of the classical theory to which it owes its attractiveness
can be taken over unchanged into the new theory.

The necessity for a fundamental departure from the laws and concepts of
classical mechanics is seen most clearly by a consideration of experimentally
established facts on the nature of light. On the one hand the phenomena of
interference and diffraction can be explained only on the basis of a wave theory
of light; on the other, phenomena such as photo-electric emission and scattering
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by free electrons show that light is composed of small particles, which are called
photons, each having a definite energy and momentum depending on the frequency
of the light. These photons appear to have just as real an existence as electrons,
or any other particles known in physics. A fraction of a photon is never observed,
so that we may safely assume it cannot exist.

To obtain a consistent theory of light which shall include interference and
diffraction phenomena, we must consider the photons as being controlled by waves,
in some way which cannot be understood from the point of view of ordinary
mechanics. This intimate connexion between waves and particles is of very great
generality in the new quantum mechanics. It occurs not only in the case of light.
All particles are connected in this way with waves, which control them and give rise
to interference and diffraction phenomena under suitable conditions. The influence
of the waves on the motion of the particles is less noticeable the more massive
the particles and only in the case of photons, the lightest of all particles, is it
easily demonstrated.

The waves and particles should be regarded as two abstractions which are
useful for describing the same physical reality. One must not picture this reality as
containing both the waves and particles together and try to construct a mechanism,
acting according to classical laws, which shall correctly describe their connexion
and account for the motion of the particles. Any such attempt would be quite
opposed to the principles by which modern physics advances. What quantum
mechanics does is to try to formulate the underlying laws in such a way that
one can determine from them without ambiguity what will happen under any
given experimental conditions. It would be useless and meaningless to attempt
to go more deeply into the relations between waves and particles than is required
for this purpose.

2. The polarization of photons

Although the idea of a physical reality being describable by both particles
and waves, which are connected in some curious manner, is of far-reaching
importance and wide applications, yet it is only a special case of a much
more general principle, the Principle of Superposition. This principle forms
the fundamental new idea of quantum mechanics and the basis of the departure
from the classical theory. In order to lead up to an explanation of this
principle, we shall first take a very simple special case of it, which is provided
by a consideration of the polarization of light. It is known experimentally
that when plane-polarized light is used for ejecting photo-electrons, there is
a preferential direction for the electron emission. Thus the polarization properties
of light are closely connected with its corpuscular properties and one must ascribe
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a polarization to the photons. One must consider, for instance, a beam of light
plane polarized in a certain direction as consisting of photons each of which is plane
polarized in that direction and a beam of circularly polarized light as consisting of
photons each circularly polarized. Every photon is in a certain state of polarization,
as we shall say. The difficulty is now how we are to fit in these ideas with the known
facts about the resolution of light into polarized components and the recomposition
of these components.

Suppose, for instance, that we have a beam of plane-polarized light passing
through a polariscope and getting resolved into two components polarized at
angles of o and « + 37 with the direction of polarization of the incident beam.
The intensities of the two components will be, according to classical optics,
respectively cos? @ and sin? o times that of the original beam. Let us say that
a photon of the original beam is in the state of polarization 0 and a photon in one
or other of the two components is in the state a or a+47 respectively. The question
that now arises is: What must we consider happens to each individual photon when
it reaches the polariscope? How do the photons in the state 0 change into photons
in the states a and o + i7?

This question cannot be answered without the help of an entirely new concept
which is quite foreign to classical ideas. We shall therefore first consider
another question of a different type, namely, what will be the result of any
particular experiment which one may perform to try to determine what happens to
an individual photon when it reaches the polariscope. It is only questions of this
type that are really important, and quantum mechanics always gives a definite
answer to them. Any answer that may be given to our first question, i.e. any
description of the whole course of a photon during the experiment, would be simply
a device to help us to remember the results of the experiments. We ought not to be
surprised if no such description based on classical ideas is possible.

The most direct experiment of this kind would be to use an incident beam
consisting of only a single photon and then to measure the energy in each of the
two components. The result predicted by quantum mechanics is that sometimes
one would find the whole of the energy in one component and the other times
one would find the whole in the other component. One would never find part of
the energy in one and part in the other. Experiment can never reveal a fraction
of a photon. If one did the experiment a large number of times, one would find
in a fraction cos?a of the total number of times that the whole of the energy
is in the a-component and in a fraction sin® that the whole of the energy is
in the (a + %7)-component. One may thus say that a photon has a probability
cos® o of appearing in the a-component and a probability sin? « of appearing in
the (a 4 3m)-component. These values for the probabilities lead to the correct
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classical distribution of energy between the two components when the number of
photons in the incident beam is large.

Thus the individuality of the photon is preserved in all cases, but only at
the expense of determinacy. The result of an experiment is not determined, as it
would be according to the classical theory, by the conditions under the control
of the experimenter. The most that can be predicted is the probability of
occurrence of each of the possible results. This lack of determinacy, which
runs through the whole of quantum mechanics and is in stark contradiction to
the classical theory, may at first sight appear to be unsatisfactory, as implying
a departure from the law of causality. It should be remarked, though, that
if one makes any experimental arrangement to observe the energy of one of
the components (e.g. by reflection by a movable mirror and measurement of
the recoil momentum communicated to the mirror), it will always be impossible
subsequently to recombine the two components to produce interference effects.
The observation must inevitably produce, as we shall see from the general
laws of quantum mechanics, a change in phase of uncertain and unpredictable
amount. Omne may therefore, as has been pointed out by Niels Bohr,* ascribe
the lack of determinacy in the result to the uncertainty in the disturbance which
the observation necessarily makes, although one cannot inquire closely into how it
comes about. The apparent failure of causality is from this point of view due to
a theoretically necessary clumsiness in the means of observation.

We must now consider the answer to our first question and give a description
of the photon throughout the course of the experiment. A description consisting
of a continuous picture in the classical sense is not possible. The description which
quantum mechanics allows us to give is merely a manner of speaking which is of
value in helping us to deduce and to remember the results of experiments and
which never leads to wrong conclusions. One should not try to give too much
meaning to it.

It is necessary to suppose a peculiar relationship to exist between the different
states of polarization, which is such that when, for instance, a photon is in
the state 0, it may be considered as being partly in the state « and partly
in the state o + %m. Similarly it could be considered as partly in state 3 and
partly in state 3 + &m, where /3 is any other angle of polarization, or as partly in
the state of left-circular polarization and partly that of right-circular polarization.
More generally, one could consider it partly in each of two states plane polarized
in two directions that are not at right angles, though this is seldom convenient,
or one could consider it partly in each of more than two states. There are thus
many ways of describing the photon, which are all always permissible and equally

*See the article by Bohr, N. The Quantum Postulate and the Recent Development of Atomic
Theoryl. Nature 121, 580-590 (1928). https://doi.org/10.1038/121580a0
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good theoretically, although, of course, the one that says the photon is entirely
in state 0 is simpler than those that say it is ‘distributed’ over two or more
states. When we say that the photon is distributed over two or more given states
the description is, of course, only qualitative, but in the mathematical theory
it is made exact by the introduction of numbers to specify the distribution, which
determine the weights with which the different states occur in it.

One cannot picture in detail a photon being partly in each of two states; still less
can one see how this can be equivalent to its being partly in each of two other
different states or wholly in a single state. We must, however, get used to the new
relationships between the states which are implied by this manner of speaking and
must build up a consistent mathematical theory governing them.

In our polarizing experiment, if we choose to consider the incident photon as
being partly in state o and partly in state a + 37, the action of the polariscope is
then quite simple. It separates the two components « and « + 37 into two distinct
beams, so that after the photon has passed through we must say that it is partly
in one beam with the polarization o and partly in the other with the polarization
o+ 3. There is now no way of saying the photon is wholly in one state, without
a generalization of the meaning of a state, which will be made later. The simplest
description is the one just given, in which the photon is distributed over two
states. Other possible descriptions would require the photon to be distributed
over three or more states; e.g. one could say it is partly in the first beam with the
polarization «, partly in the second beam with the polarization [ (arbitrary), and
partly in the second beam with the polarization 5 + 47. Such descriptions would
not, however, be of value unless the beams were subsequently passed through other
polarizing instruments.

Let us consider now what happens when we determine the energy in one of the
components. The result of such a determination must be either the whole photon
or nothing at all. Thus the photon must change suddenly from being partly in
one beam and partly in the other to being entirely in one of the beams. This
sudden change may be counted as due to the disturbance of the photon which
the observation necessarily makes. It is impossible to predict in which of the two
beams the photon will be found. Only the probability of either result can be
calculated from the previous distribution of the photon over the two beams.

This way of describing the photon during the course of the experiment leads to
one important conclusion, namely, the above-mentioned circumstance that when
once the energy in one of the components has been determined, it will be impossible
subsequently to bring about interference between the two components. When
the photon is partly in one beam and partly in the other, if the two beams are
superposed interference can take place, as the mathematical theory will show. This
possibility disappears when the photon is forced entirely into one of the beams by
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the energy observation. The other beam then no longer enters into the description
of the photon, so that if any experiment is subsequently performed on the same
photon it will count as being entirely in the one beam in the ordinary way.

We have obtained a description of the photon throughout the experiment, which
rests on a new rather vague idea of a photon being partly in one state and partly in
another. The reader may, perhaps, feel that we have not really solved the difficulty
of the conflict between the waves and the corpuscles, but have merely talked about
it in a certain way and, by using some of the concepts of waves and some of
corpuscles, have arrived at a formal account of the phenomena, which does not
really tell us anything that we did not know before. The difficulty of the conflict
between the waves and corpuscles is, however, actually solved as soon as one can
give an unambiguous answer to any experimental question. The only object of
theoretical physics is to calculate results that can be compared with experiment,
and it is quite unnecessary that any satisfying description of the whole course of
the phenomena should be given.

With regard to the objection that the present description does not seem to take
us any farther than we could, perhaps, have gone with very hazy notions of the
relations between photons and electromagnetic waves, such as, for instance, those
one had before the discovery of quantum mechanics, it should be remarked that
the conclusion obtained above, that when once the energy of one of the beams has
been measured subsequent interference between the beams would be impossible,
could not have been drawn from very hazy notions, and also that the present
discussion is really too qualitative for the advantages of the new theory to show
up clearly. In §5 the discussion on the nature of light will be renewed on a slightly
more quantitative basis, which will bring out definitely the difference between
the present theory and the previous hazy notions. For many elementary optical
experiments, moreover, the hazy notions would suffice to give answers to questions
concerning the results of observations and in such cases quantum mechanics would
not give any further information. The object of quantum mechanics is to extend
the domain of questions that can be answered and not to give more detailed answers
than can be experimentally verified.

3. Superposition and Indeterminacy

The new ideas that we have introduced in our description of the photon must be
extended and applied to any atomic system, i.e. to any set of electrons and atomic
nuclei interacting with each other and perhaps also with photons. We must first
generalize the meaning of a ‘state’ so that it can apply to any atomic system.
Corresponding to the case of the photon, which we say is in a given state of
polarization when it has been passed through suitable polarizing apparatus, we say



3. Superposition and Indeterminacy 7

that any atomic system is in a given state when it has been prepared in a given way,
which may be repeated arbitrarily at will. The method of preparation may then
be taken as the specification of the state. The state of a system in the general
case includes any information that may be known about its position in space
from the way in which it was prepared, as well as any information about its
internal condition.

We must now imagine the states of any system to be related in such a way
that whenever the system is definitely in one state, we can equally well consider
it as being partly in each of two or more other states. The original state must
be regarded as the result of a kind of superposition of the two or more new
states, in a way that cannot be conceived on classical ideas. Any state may
be considered as the result of a superposition of two or more other states, and
indeed in an infinite number of ways. Conversely any two or more states may be
superposed to give a new state, even also when they refer to different positions of
the system in space. Thus in our previous example of the polarization experiment,
when the photon is partly in the one beam with the polarization « and partly in
the other with the polarization a + 47, we may still count it as being entirely in a
certain single state. In fact it still satisfies the definition of having been prepared
in a definite way which may be repeated at will.

When a state is formed by the superposition of two other states, it will
have properties that are in a certain way intermediate between those of the two
original states and that approach more or less closely to those of either of them
according to the greater or less ‘weight’ attached to this state in the superposition
process. The new state is completely defined by the two original states when their
relative weights in the superposition process are known, together with a certain
phase difference, the exact meaning of weights and phases being provided in
the general case by the mathematical theory of the next chapter. In the case
of the polarization of a photon their meaning is that provided by classical optics,
e.g. when two perpendicularly plane polarized states are superposed with equal
weights, the new state may be circularly polarized in either direction, or linearly
polarized at an angle 3w, or else elliptically polarized, according to the phase
difference. This, of course, is true only provided the two states that are superposed
refer to the same beam of light, i.e. all that is known about the position and
momentum of a photon in either of these states must be the same for each.

It is convenient at this stage to modify slightly the meaning of the word
‘state’ and to make it more precise. We must regard the state of a system as
referring to its condition throughout an indefinite period of time and not to its
condition at a particular time, which would make the state a function of the
time. Thus a state refers to a region of 4-dimensional space-time and not to a
region of 3-dimensional space. A system, when once prepared in a given state,
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remains in that state so long as it remains undisturbed. This does not, of course,
imply that it is not undergoing changes which could be revealed by experiment.
In general it will be following out a definite course of changes, predictable by
the quantum theory, belonging to that state. It is sometimes purely a matter of
convenience whether we are to regard a system as being disturbed by a certain
outside influence, so that its state gets changed, or whether we are to regard the
outside influence as forming part of and coming in the definition of the system,
so that with the inclusion of the effects of this influence it is still merely running
through its course in one particular state. An illustration of this is our previous
example of a photon being passed through a polariscope and becoming partly in
each of two beams. Either we may consider the polariscope as disturbing the
photon, so that after it has passed through it is in a different state; or else we may
consider the polariscope as forming part of the ‘field” in which the photon is moving,
so that it is in the same state when it is in the incident beam as later when it is
partly in each of the two component beams, and it is just following out its course in
that state. The general laws of quantum mechanics apply equally well for either of
these meanings of the state. There are, however, two cases when we are in general
obliged to consider the disturbance as causing a change in state of the system,
namely, when the disturbance is an observation and when it consists in preparing
the system so as to be in a given state.

With the new space-time meaning of a state we need a corresponding space-time
meaning of an observation. This requires that the specification of an observation
shall include a definite time at which the observation is to be made, or at which
the apparatus used in making the observation is to be set in motion, relatively to
the time when the system was prepared. It should be noticed that it has a meaning
to consider an observation being made on a system in a given state before this state
is prepared. If the system is prepared at time tg, so that after time ¢, it is in a given
state, we can imagine what it would have to be like before time ¢y in order that,
if left undisturbed, it may become in the given state after time ¢,. Thus we can
imagine the given state being produced backwards in time and can give a meaning
to an observation being made before time ¢y on the system in this state.

The introduction of indeterminacy into the results of observations, which
we had to make in our discussion of the photon, must now be extended to
the general case. When an observation is made on any atomic system that has
been prepared in a given way and is thus in a given state, the result will not
in general be determinate, i.e. if the experiment is repeated several times under
identical conditions several different results may be obtained. If the experiment
is repeated a large number of times it will be found that each particular result
will be obtained a definite fraction of the total number of times, so that one can
say there is a definite probability of its being obtained any time the experiment
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is performed. This probability the theory enables one to calculate. In special
cases this probability may be unity and the result of the experiment is then
quite determinate.

The indeterminacy in the results of observations is a necessary consequence of
the superposition relationships that quantum mechanics requires to exist between
the states. Suppose that we have two states A and B such that there exists
an observation which, when made on the system in state A, is certain to lead to
one particular result, and when made on the system in state B, is certain not
to lead to this result. Two such states we call orthogonal. Suppose now that this
observation is made on the system in a state formed by superposition of A and B.
It is impossible for the result still to be determinate (except in the special case
when the weight of A or B in the superposition process is zero). There must
be a finite probability p that the result, that was certain for state A, will now be
obtained and a finite probability 1—p that it will not be obtained. By continuously
varying the relative weights in the superposition process we can get a continuous
range of states, extending from pure A to pure B, for which the probability of
the result, that was certain for state A, being obtained varies continuously from
unity to zero.

It was mentioned above that an observation is not specified unless the time
when it is made is given. In special cases it may so happen that the result
of the observation, or the probability of any particular result being obtained,
is independent of this time. If the state of the system is such that this is so
for every observation that could be made on the system, then the state is said
to be a stationary state and we should picture it as one in which the conditions
are not varying.

The possibility in quantum mechanics of superposing states to get new states
is connected with the fact that in the mathematical theory the equations that
define a state are linear in the unknowns. It is not unnatural that one should
try to establish analogies with systems in classical mechanics (such as vibrating
strings or membranes), which are governed by linear equations and for which,
consequently, a superposition principle holds. Such analogies have led to the
name ‘Wave Mechanics’ being sometimes given to quantum mechanics. It must be
emphasized, however, that the superposition that occurs in quantum mechanics
is of an essentially different nature from that occurring in the classical theory.
The analogies are therefore very misleading. Their inadequacy may be seen
from the following special case. Suppose one compares the states of an atomic
system with the states of vibration of a membrane. If one superposes any state
of the vibrating membrane with itself, the result is a new state of double the
amplitude. On the other hand, if one superposes an atomic state with itself
according to quantum mechanics, the resulting state will be precisely the same
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as the original one. There is nothing in the atomic case that is analogous to
the absolute value of the amplitude, as distinct from the relative amplitudes of
different points, of the vibrating membrane.

4. Compatibility of Observations

In general a system is disturbed when an observation is made on it, so that after
the observation it is no longer in the same state as before. Only when the initial
state and the observation are such that there is a probability unity, ¢.e. a certainty,
for one particular result is it possible that the observation may produce no change
of state. The necessity for this conclusion may be seen from the following argument.

Suppose that there is a probability p for a given result being obtained from
the observation. Consider one occasion on which this result was actually found
and suppose the observation was repeated immediately afterwards on the system
in the state in which it was left by the first observation. There must have been
a probability unity for the given result being obtained a second time, since we may
assume the system could not have changed in the infinitely short time between the
two observations. Thus while the first state is such that there is a probability p for
a given result from a certain observation, the second state (i.e. the one in which
the system was left by the first observation) is such that there is a probability unity
for this same result from a practically equivalent observation. Hence the second
state must differ from the first when p differs from unity, since the probability of
a result is quite definite for each state. It must be understood that the second
state here considered is the one that arose on that particular occasion referred to
above when the first observation was found to give the particular result desired.
There will be a different second state corresponding to each different result for
this observation. They must all be different from the initial state when p differs
from unity.

Hence when once an observation of a system in a given state has been made,
one cannot in general make a second observation and suppose it to apply to
the same state. The first observation spoils the state of the system, which must
then be prepared again before one can make the second. The two observations
may, however, be such that, although the first one alters the state of the system,
yet it does so in such a way as not to make any difference to the probability of any
given result being obtained with the second. By the probability of a given result
being obtained with the second is here meant its probability at the beginning
of the experiment, before one knows what the result of the first observation is,
and not its probability after a particular result has been obtained with the first
observation. Two observations for which this is so when they are made (or at least
when the first is made) with the minimum of disturbance allowed by theory, which
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can be attained in practice only under the most favourable conditions, are called
compatible. Three or more observations are called compatible when any two are
compatible. Two or more observations may be compatible only with respect to
one particular state as initial state before any of the observations, or they may
be compatible with respect to all initial states. In future when it is said that two
or more observations are compatible, the second alternative is to be understood
unless the contrary is stated.

The condition for the compatibility of two observations is, according to the laws
of quantum mechanics, a symmetrical condition between them. If one of two
compatible observations, «y say, is made at the time #; and the other, ay say,
at the time ¢, which is later than ¢, then, according to the definition given above,
the probability of a given result being obtained for ay must be the same whether
this observation is made on the system in the initial state or in the state ensuing
after observation as. The symmetry condition now requires that the probability of
a given result being obtained for o; must be the same whether this observation oy
is made on the system in the initial state or in the state ensuing after observation
ap, it being necessary to suppose this latter state, which is prepared at time o,
to be produced backwards in time, in the way mentioned in the preceding section,
in order that the observation a; at time £; may be made on it. By the probability
of a result for the state ensuing after a certain observation, is meant in each case
the average probability for each state that can ensue after this observation, each
of these states being weighted in the averaging process with the probability that
it does ensue after this observation.

It has been pointed out that the state of a system after any observation has
been made on it is such that this observation, if made on the system in this final
state, would for a certainty give one particular result. Suppose now that a number
of compatible observations oy, ap, ... are made on the system. Then the final state
must be such that, if any of the observations «, is made on the system in this final
state, there will be a certainty for one particular result, since there was a certainty
for one particular result as soon as the observation «, was made in the preparation
of the final state, and this will not be affected by the subsequent observations a1,
Qyo, ..., owing to the compatibility condition. The existence of states for which
the result of any of the observations is a certainty forms one of the main properties
of compatible observations. The order of the observations necd not, of course, be
their order in time, since we are allowed to consider an observation being made on
a state before it is prepared.

The case of greatest interest of the compatibility of two observations is when
they both refer to the same instant of time. The compatibility condition is now
that if either is made a very short time before the other, the probability of any
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given result being obtained with the second shall be the same as if the first had
not becn made.

It is often convenient to count two or more compatible observations,
particularly when they are simultaneous, as a single observation, the result
of such an observation being expressible by two or more numbers. We shall
frequently have to consider the greatest possible number of independent compatible
simultaneous observations being made on a system and shall, for brevity, call such
a set of observations a maximum observation. When a mazimum observation is
made on a system, its subsequent state is completely determined by the result of
the observation and is independent of its previous state. This may be considered
as an axiom, or as a more precise definition of a state.

The state of a system after a maximum observation has been made on it is
such that there exists a maximum observation (namely, an immediate repetition
of the maximum observation already made) which, when made on the system in
this state, will for a certainty lead to one particular result (namely, the previous
result over again). Any state can be specified only as the state ensuing after a given
maximum observation has been made for which a given result was obtained, or
in some equivalent way. We can therefore draw the conclusion that for any state
there must exist one maximum observation which will for a certainty lead to one
particular result, and conversely, if we consider any possible result of a maximum
observation, there must exist a state of the system for which this result for the
observation will be obtained with certainty.

5. Further Discussion on Photons

When quantum mechanics is applied to a system composed of simply a freely
moving corpuscle, the equations that define a state of the system are, as we shall
find from the mathematical theory, the ordinary equations for wave motion. It is
this circumstance that gives to the corpuscle many of the properties of waves and
allows us to consider a corpuscle in a given state as associated with, or controlled
by, a given wave. In order to show more definitely the nature of the relations
between the waves and the corpuscle, a typical example will be given of the conflict
between the wave and the corpuscular theories of light and of the solution which
quantum mechanics provides.

Consider a beam of light to be split into two components of equal intensity,
which are made to interfere. According to the old corpuscular theory we would
say that each of the two components contains an equal number of photons and
we should then require that a photon in one component could interfere with one in
the other. Under certain conditions they would have to annihilate one another, and
under others to produce four photons. This contradicts the idea of photons being
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discrete particles and is, besides, in disagreement with the conservation of energy,
which should hold for each process in detail and not be merely statistically true.

The answer that quantum mechanics gives to the difficulty is that one should
consider each photon to go partly into each of the two components, in the
way allowed by the idea of the superposition of states. Each photon then
interferes only with itself. Interference between two different photons can never
occur. The solution of Maxwell’s equations that forms the wave picture of the
phenomenon represents one of the photons and not the whole assembly of photons.
The relative intensities that this solution gives for the light at different points
determine the relative probabilities of that photon being found at these points
when an experiment is made to find its position. Only the relative intensities at
different points are of importance; the absolute intensity has no interpretation.
One must not try to establish any connexion between the absolute intensity of the
waves and the total number of particles, which is in stark constrast’ to the older
ideas of the relations between waves and particles.

The quantum-mechanical views do not, of course, get over the difficulty of
enabling us to picture something having properties between those of waves and
corpuscles, but they serve to remind us, by their way of saying a photon is
partly in one component and partly in the other, of the close connexion between
the components and so prevent us from intuitively drawing wrong conclusions,
as we do on the older views when we picture each component as having its
own photons. For instance, we are reminded, by the requirement that the total
probability of a photon being anywhere must be and must remain unity, that in
whatever way the two component beams interfere, if they neutralize each other
in one place they must reinforce each other in another so that conservation of
energy is preserved. We thus get into no difficulty with the detailed conservation
of energy.

6. Definition of Superposition

A definition of the superposition of states will now be given. We say that a state
A may be formed by a superposition of states B and C' when, if any observation is
made on the system in state A leading to any result, there is a finite probability for
the same result being oblained when the same observation is made on the system
in one (at least) of the two states B and C. The Principle of Superposition says
that any two states B and C' may be superposed in accordance with this definition
to form a state A and indeed an infinite number of different states A may be formed
by superposing B and C' in different ways. This principle forms the foundation

tOriginal:- sharp distinction
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of quantum mechanics. It is completely opposed to classical ideas, according to
which the result of any observation is certain and for any two states there exists
an observation that will certainly lead to two different results.

From our definition of superposition some elementary theorems follow
immediately. For example, the states B and C' themselves are particular cases of
states formed by superposition of B and C. Again, if we superpose two states A and
B obtaining a state P, which is then superposed on another state C', the resulting
state ) will have the property that, if any observation is made on the system in
this state leading to any result, there will be a finite probability of this same result
being obtained when the observation is made on the system in one of the two
states P and C, and hence there must be a finite probability of this result being
obtained when the observation is made on the system in one of the three states A,
B and C. Thus the property possessed by the state () is symmetrical in the three
states A, B and C, so that when superpositions are made successively their order
is unimportant. This, of course, is necessary for the word ‘superposition’ to be
suitable for describing the relations between the states.

Another example of a deduction from the definition of superposition is
the following: If an observation of the system in a state A is certain to lead to one
particular result and if this observation for another state B is certain to lead to
the same result, then the observation is also certain to lead to this result for any
state obtained by superposition of A and B. This is because it cannot lead to any
other result, as the probability of this other result for both the states A and B
is zero.

One could proceed to build up the theory of quantum mechanics on the basis of
these ideas of superposition with the introduction of the mimmum number of new
assumptions necessary. Although this would be the logical line of development,
it does not appear to be the most convenient one, as the laws of quantum mechanics
are so closely interconnected that it would not be easy, and would in any case
be somewhat artificial, to separate out the barest minimum of assumptions from
which the rest could be deduced. The method that will be here followed will
therefore be first to give all the simple general laws in the form in which they are
most easily expressed and remembered, and then to work out their consequences.
This will mean that we shall continually be deducing results that are obviously
necesary for the physical meaning of the theory to be tenable, or that follow from
the foregoing ideas of superposition. Such deductions wll then merely show the
reasonableness and self-consistency of our fundamental assumptions.



II. SYMBOLIC ALGEBRA OF
STATES AND OBSERVABLES

7. Addition of States

We introduce certain symbols which we say denote physical things such as states
of a system or dynamical variables. These symbols we shall use in algebraic
analysis in accordance with certain axioms which will be laid down. To complete
the theory we require laws by which any physical conditions may be expressed
by equations between the symbols and by which, conversely, physical results
may be inferred from equations between the symbols. A typical calculation
in quantum mechanics will now run as follows: One is given that a system
is in a certain state in which certain dynamical variables have certain values.
This information is expressed by equations involving the symbols that denote
the state and the dynamical variables. From these equations other equations are
then deduced in accordance with the axioms governing the symbols and from
the new equations physical conclusions are drawn. One does not anywhere specify
the exact nature of the symbols employed, nor is such specification at all necessary.
They are used all the time in an abstract way, the algebraic axioms that they satisfy
and the connexion between equations involving them and physical conditions being
all that is required. The axioms, together with this connexion, contain a number
of physical laws, which cannot conveniently be analysed or even stated in any
other way.

We denote each state of a dynamical system by a symbol ). Different states
may be distinguished by suffixes, e.g. 11, 19, 103. If a state 1y, may be formed by
superposition of the states 1)1 and 15, we express this relation between the states
by an equation of the type

g = 11 + oy, (1)
where ¢; and ¢, are numbers, which may be imaginary or complex. The different
states that may be formed by the superposition of 1y and )5 are given by different
coefficients ci1, co. Any two -symbols denoting any two states may be added in
this way with arbitrary coefficients ¢; and co and the sum will always be another

15
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Y-symbol denoting a state that can be formed by superposition of these two states,
except in the special case when this sum is zero. The usual algebraic axioms of
addition are assumed to hold, 7.e. the commutative axiom

a1 + cae = ctha + 1

and the associative axiom

(191 + cathe) + c3thg = c1)1 + (catha + c313).

The first of these axioms implies that superposition of two states is a symmetrical
process between them, which is obvious from the definition of §6, while the second
implies the theorem, which was proved in §6, that in successive superpositions
the order is unimportant.

Our assumptions so far are thus consistent with the definition of superposition.
They do, however, go farther than this definition and contain new physical laws.
For example, we can infer that if the state 1y may be formed by superposition of
Yy and 1y so that equation (1) holds, then (provided ¢; # 0) ¥ may be formed
by superposition of ¢y and 1. The condition of superposition (1) is, in fact,
symmetrical between 1)y, ¥ and 5. This could not have been deduced from
the definition of superposition in §6. When three states are symmetrically related
in this way, we say that they are dependent. We can extend the definition and say
that any number of states ¥y, s, ..., 1, are dependent or independent according
to whether there is or is not a relation between them of the type

ar + oo + - - + by, = 0. (2)

It has been mentioned that when a state is superposed on itself, the resulting
state is the same as the original one. Thus our symbolic scheme should be such
that ¥ +1; or 2¢; denotes the same state as ¥;. Actually we make a more general
assumption than this, namely, that cy); denotes the same state as 1); where c is any
number, not zero, and can be imaginary or complex. The nature of the connexion
between the states and the symbols ¢ required by this assumption may perhaps
be more easily understood if one pictures the v’s as vectors in some space with
a sufficiently large number of dimensions. The number of dimensions required is
equal to the number of independent states that the system has, which is in general
infinite. An equation of the type (1) or (2) can now be regarded as a vector
equation. The vectors are, of course, in general complex. A state must now be
considered as completely specified by the direction of a vector. Vectors of different
lengths and the same direction specify the same state.

We now introduce another set of symbols ¢1, @9, ... also denoting states. Any
state denoted by a i-symbol ¢, can be equally well denoted by a ¢-symbol ¢,
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having the same suffix. When the 1)’s that denote three states satisfy (1), the ¢’s
that denote these states are assumed. to satisfy

Po = C191 + a2, (3)

where the bar over a number denotes its conjugate complex. The ¢’s are also
assumed to satisfy the commutative and associative laws of addition and to have
all the other properties that the ¢)’s have, e.g. c¢; denotes the same state as ¢,
and we may define a number of states denoted by ¢+, ¢o, ..., ¢, to be independent
when there is no relation between them of the type

191 + oo + - -+ o, = 0.

The theory will throughout be symmetrical between the ¢’s and ’s. The sum of
a ¢ and a 1 has no meaning and will never appear in the analysis.

The introduction of a second set of symbols to denote the states may appear to
be superfluous, but actually it is necessary when one allows complex coefficients c,
in order to preserve the symmetry between the two roots of —1. A superposition
process such as (1), which is specified by the two complex numbers ¢; and ¢, must
be equally well specifiable by the conjugate complex numbers ¢; and ¢; so that we
are obliged to introduce equation (3) and treat it on the same footing as (1).

We have seen that a ¢- or 1»-symbol may be multiplied by an arbitrary number
and then still denotes the same state. Thus we can put

wr - ard):) ¢s - bs¢:7 (4)

where the a’s and b’s are arbitrary numbers, not zero, and consider the 1*’s and
¢*’s as denoting the states instead of the ¢’s and ¢’s. The a’s and b’s must,
however, satisfy certain conditions in order that the connexion between equations
(1) and (3) may hold also for the starred symbols. These equations give!

Yo = (cra1/ao) Yy + (caaz/an)is,
¢y = (C1b1/a0) ] + (Czba/bo) @5

In order that the coefficients in the ¢* equation may be conjugate complex to the
coefficients in the ¢* equation we must have

bi/by = ai/ag be/bo = az/ag
Hence b, = fa, (5)

where f is a number independent of 7.

tDirac uses a ¢’ to separate two factors when bracketed juxtaposition would be more clear.
Later the ‘.’ is replaced by a ‘-’.
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The connexion between equations (1) and (3), and the condition (5) governing
the most general transformation (4) that preserves this connexion, lead one
to consider each ¢, as being proportional to the conjugate imaginary quantity of
the corresponding .., the proportionality becoming an equality if a transformation
of the type (4) & (5) is applied with the correct value for f. Thus if we adopt
the vector picture of the ¢’s we may take each 1. to be the conjugate imaginary
vector to the corresponding ¢,. It should be remarked, though, that the conjugate
imaginariness of the ¥’s and ¢’s is not of quite the same nature as that of ordinary
complex numbers, since we cannot give any meaning to the splitting up of a ¢
into its real and imaginary! parts. In the splitting up of an ordinary complex
quantity into its real and imaginary parts, we obtain the real part by taking
the average of the quantity itself and its conjugate imaginary, but we cannot
do this for a ¥-symbol since we are not allowed to add together a ¢ and a ¢.
Thus the relation between a 1 and the corresponding ¢ is not quite the same
as the relation between two conjugate imaginary numbers, and in order that
this difference may be remembered we shall reserve the words conjugate imaginary
for describing relations between 1’s and ¢’s and use the words conjugate complex
instead for quantities such as numbers which can be split up into real and imaginary
parts. Ordinary vectors, of course, like numbers, can be split up into real and
imaginary parts, so that the picturing of ¢’s and ¢’s as vectors is not strictly
correct, although it is all the same sometimes useful. We must therefore remember,
when using the vector picture, that, in so far as it would allow one to add together
two vectors representing a i and a ¢ respectively, it is imperfect and gives to
the ¢’s and ¢’s more properties than quantum mechanics requires or allows.

8. Multiplication of States

Up to the present the only functions of the ’s and ¢’s that we have allowed
are linear functions of the ’s alone, or of the ¢’s alone, with numerical
coefficients. We now suppose that any 1 and ¢ have a product, which is a number,
i general complex. This product must always be written ¢, i.e. the ¢ must be
on the left-hand side and the ¢ on the right. Products such as ¢, 1119 and ¢1¢o
have no meaning and will never appear in the analysis.

The products ¢ are assumed to satisfy the distributive axiom of
multiplication, i.e

(1 + P2) = g1 + ¢2¢7} (6)

(1 + Pa) = Py + P,

fThe ‘pure’ is omitted by being unnecessary.
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together with the axiom that

¢(c) = (ch)ip = c(Pt)), (7)

where c is any number. In the vector picture we can take the number ¢ to be the
scalar product of the two vectors ¢ and ¢. The conditions (6) and (7) are then
satisfied. The vector picture, however, allows us also to form the products ¢¢-
and 1119. Thus we again find the vector picture giving more properties to the ’s
and ¢’s than required in quantum mechanics.

In conformity with our view of regarding a v and the corresponding ¢ as
conjugate imaginary quantities, we now make the following two assumptions:

Qbrws = Qbs—wm (8)
Gty > 0. (9)

From the first of these, by taking s = r, we can deduce that ¢, is real. The second
now states that ¢,1, is positive. To examine the legitimacy of these assumptions,
let us consider the effect of a transformation of the type (4) & (5). Equation (8)
gives
farasohy = fasa, @i
and the inequality (9) gives
faras¢ig > 0.

From these relations we obtain
Oy = Pivr, ¢rps >0

provided f is real and positive. Thus a restriction must be imposed on
the transformations (4) & (5) in order that (8) and (9) may remain invariant.

In future we shall keep to the view that each ¢ is equal to, and not merely
proportional to, the conjugate imaginary of the corresponding 1, as the more
general view, which is theoretically permissible, does not lead to anything of
interest. This means that our equations need be invariant under transformations
of the type (4) only provided b, = @, i.e. provided in (5) f = 1. The restriction
on the transformations of the type (4) which is necessary for (8) and (9) to be
invariant is included in this one.

We shall often assume that a ¢, and the conjugate imaginary ¢, satisfy

¢r'¢r = 17

when they will be called normalized to unity, or simply normalized. The inequality
(9) shows that it is always possible to normalize a 1) or a ¢ by multiplying it by a
number. The modulus of this number is determined but not its argument.
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A corollary of (9) is that if, for all

@wzu} (10)
then ¢, = 0.

This follows from the fact that if ¢, is not identically zero, its conjugate
imaginary 1, will be a 1 that does not satisfy ¢,¢0 = 0. There is, of course,
also the corresponding theorem with ¢’s and 1’s interchanged.

The theorem will now be proved that if ¢, and ¢, are normalized, then

[orbs| <1, (11)

the case of equality occurring only when ¢, and 1, denote the same state. Let a
be any real number and apply the inequality (9) to the state denoted by 1), — e,
or ¢, — e “¢,. This gives

(¢r = €76s) (10 — €¢h5) > 0
or gbﬂvbr - ewgbrd)s - e_wgbswr + ¢s¢s > 0.

Hence, using the normalizing conditions ¢,1, = ¢,s = 1, we obtain

o) + e P, < 2,

The second term on the left-hand side is just the conjugate complex of the first.
Hence the real part of €'?¢,1), is less than unity. Since this must hold for all values
of @ we must have the modulus of ¢, less than unity. This gives the required
result (11), when we take into account the fact that the inequality becomes
an equality if v, — ‘%), = 0 for some value of a, which means that v, and 1,
denote the same state.

Our introduction of products of ¢’s with ’s has so far been entirely
a mathematical question, with no physical implications. A physical meaning will
now be given to the product ¢,1s. Consider that maximum observation of the state
¢, for which there is a certainty of a particular result being obtained. We have
seen that such a maximum observation always exists. Suppose now this maximum
observation to be made on the system in the state ¥s. There will be a certain
probability of the same result being obtained, which we call the probability of
agreement of 1, with ¢,. It is a number that depends only on the two states 1
and ¢,. In particular it is unity if 1) is the same state as ¢,.. We now assume that
the probability of agreement of 1, with ¢, is equal to [),¢,|> when ¢, and 1), are
normalized. It has just been proved that this value for the probability can never
exceed unity, so that the assumption is reasonable. Again, the only transformation
of the type (4) that one can make on a normalized ¢ or 1 without destroying
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its normalization is multiplication by a number of modulus unity. This will not
change the value of |¢,1s| which thus has the necessary invariance for its physical
meaning to be permissible.

When we give this physical meaning to the product of a ¢ and a ¢ the axioms
and assumptions (6), (7), (8) & (9) become, to a certain extent, physical laws, as
physical consequences can now be deduced from them. For instance, from (8) one
can deduce that the probability of agreement of v, with v, equals that of v, with
. Again, from (6) and (7) one can calculate how the probability of agreement of
a state 1y with a state c11; + co1)o formed by the superposition of 1, and 1y varies
with the coefficients ¢; and . Let us take the case when ¢ and 15 are orthogonal,
i.e. when there exists an observation which is certain to lead to different results for
the two states, so that their probability of agreement is zero. This requires that

P11Ps = 0, a1 = 0.

In order that ¢y + c2109 may be normalized as well as ¢); and 1, we must have

1 = (i1 + Cab2)(c1tb1 + cato)
= |e1]? p1epr + |cal? Bt

= \01’2 + \02|2-

If we now take 1)y orthogonal to 1, we find for the probability of agreement of ¢
with Cﬂbl + CQ¢2 the value

[Go(crthn + cava)|” = [gocrth[* = |er | [dothr |

which is ]cl|2 times the probability of agreement of 1y with ;. This result as it
stands is not a physical one, since we have no other physical meaning for |¢; |2 which
we can equate to the ratio of the probability of agreement of 1y with ¢y + o9
to that of ¢ with ;. The fact that this ratio is independent of the state 1)
provided it is orthogonal to 1), is, however, a physical result and is an example of
the physical conclusions contained in the axioms (6) and (7).

We see further that these axioms give physical meanings to the coefficients
occurring in a superposition process, or at least to the squares of their moduli.
The simplest such physical meanings are obtained when we put ¢y equal to
or ¥, in the above example. This gives the result that |cl|2 is the probability of
agreement of ¢y + co1py with 1y and \02]2 is that of ¢11)1 + co1hy with 105, The sum
of these two probabilities of agreement is unity, as could have been inferred from
the definition of superposition of §6. We may call |¢1|* and |cy|” the weights with
which v; and 15 occur in the superposition process. The state ci17 + co1)s is not
completely determined by these weights, as a phase factor, namely, the argument
of ¢1/cy is also necessary. This phase has no such simple physical meaning as
the weights.
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9. Algebra of Observables

We must now introduce dynamical variables into the analysis. In classical
mechanics a dynamical variable, for any state of the system, is given by a particular
function of the time and is thus something that refers to all times. In the quantum
theory a dynamical variable is no longer given by an ordinary function of the time,
although it must still be something that refers to all times if it is to be the analogue
of a classical dynamical variable. In quantum mechanics it is more convenient
to deal with something that refers to one particular time instead of to all times,
analogous to the value of a classical variable at a particular instant of time.
We shall call such a quantity an observable. We can now say, in both classical
and quantum mechanics, that any observation consists in measuring an observable
and the result of such an observation is a number. The measurement of a dynamical
variable for a particular state would in the classical theory give as result a function
of the time and would in the quantum theory in general have no meaning.

We now denote each observable by a symbol. Thus the value of a Cartesian
co-ordinate of an electron at a particular time ¢; would be an observable and could
be denoted by the symbol z(t;). A dynamical variable, such as z(t), may be
regarded as an observable that depends on a parameter ¢ which denotes the time.
The symbols that denote observables will be used in the analysis along with
the symbols that denote states, in accordance with certain rules and axioms that
will now be given.

Any symbol o denoting an observable can be multiplied into any symbol
denoting a state, giving a product, which must be written oty with the v factor
on the right-hand side. This product is of the nature of a v and thus denotes
a state and can be added to other 1’s. In the vector picture of the ’s we should
say that an observable « is an operator which can be applied to any vector
to give another vector ayp. We assume the distributive axiom of multiplication,
i.€e.

(1 +2) = arhy + gy (12)

and we also assume
a(cy) = c(ar) (13)

where ¢ is any number. In the vector picture this means that the operator «
is a linear operator and thus consists of rotations and uniform extensions or
compressions applied to the vector field. The multiplication of the ¢’s by a number
is an operation on them which satisfies these conditions, so that an ordinary
number may be regarded as a special case of an observable. Its physical meaning
will be discussed later (see §11).

If an observable « is such that aty = 0 for all ¢, then we assume that o = 0.
This means that an observable is completely determined when its product with
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an arbitrary v is given, since if we have two observables whose product with
an arbitrary ¢ is the same, their difference must vanish. We now define the sum
a1 + ag of two observables a; and ay by the condition

(041 -+ Ckg)w = CY1’(7D + Oéz?,b (14)

for all v. The commutative and associative laws for the addition of observables
follow at once from this definition and from the corresponding laws for the addition
of 1-symbols. We further define the product ajas of two observables a; and as
by the condition

(a)h = ay(agt)) (15)

for all ¢. The associative and distributive laws for the multiplication of observables
follow at once from the definition, e.g. for the associative law we have

[(arag)as|y = (aran)(asy) = ag[aa(asi))]
= a1[(aea3)Y] = [ (azas)]

and since this holds for all 1/ we must have
(0410./2>(1/3 = &1(0(2043),

However, the commutative law for the multiplication of observables in general does
not hold, i.e. in general ajay is not equal to asay. In the special case when agas
is equal to asay, we say that oy commutes with as or that a; and as commute.
We say that three or more observables commute when each commutes with all the
others.

Since the theory is to be symmetrical between the ¢’s and the ¢’s it must
be possible to multiply any observable « into any ¢-symbol. The product, which
we always write as ¢a with the ¢ on the left-hand side, must be of the nature
of a ¢ and thus be capable of denoting a state and of being added to other ¢’s.
Corresponding to (12) and (13) we must have

(1 + ¢2)or = Pra + P
and (cp)a = c(pa).

We require one more axiom in our symbolic algebra, namely, an associative axiom
of multiplication which says that

(¢a) = ¢a)),

so that either of these numbers may be written as ¢t without brackets.
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This final axiom enables us to prove that the sum or product of two observables,
defined by (14) or (15), is the same as the sum or product defined in the analogous
way with ¢’s instead of ¢’s, i.e. by

Plar + az) = day + oy (16)
or Plarag) = (g )z

for all ¢. In the case of the sum, for instance, if we take the definition (14) we can
infer from it, with the help of (6), that

P(ar + )t = oy + pay
or [D(ag + az) — pag — pagly =0

for all ¢ and . Hence from (10) we must have
Plar + ag) — pag — pay = 0,

which is the required result (16). The case of the product is quite similar. A further
similar argument enables one to deduce, from the assumption that if ai) = 0 for
all ¥ then a = 0, the result that if pa = 0 for all ¢ then o = 0.

10. Conjugate Complex Observables

It is convenient to count sums and products of any observables as other observables.
This involves, as we shall see shortly, an extension of the meaning of an observable
to include the analogues of complex functions of classical dynamical variables, or
rather the values of such complex functions at specified times. An observable
is thus not necessarily a quantity capable of direct measurement by a single
observation, but is a theoretical generalization of such a quantity.

More generally it is convenient to count any operator that can be multiplied
into the ¢’s and ¢’s in accordance with the foregoing axioms as an observable.
Thus one can define an observable a by specifying the values of o) for all ¢, and
these values may be chosen arbitrarily except for the condition (12). If one takes
a complete set of independent v’s, 1, say, a complete set being one such that
any 1 can be expressed linearly in terms of its members, then the values of a),
for the members of this set 1, may be chosen quite arbitrarily, and the value of
a1) when 1) is not a member of the set is then determined by (12), so that « is
determined. Again, instead of specifying the a)’s, one could define « by specifying
the numbers ¢ )., which are quite arbitrary when the ¢/s as well as the v,’s form
a complete independent set. The fact that « is uniquely determined in this way
follows from (10).
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Now let a be any observable and consider the equation

Qbst@/J,« = Qbrﬁws (1 7)

where 9, and 1, are any two ¢’s and ¢, and ¢, are their conjugate imaginaries.
We can consider this equation as defining a new observable 3, since we can
assume (17) holds for a complete set of independent 1,’s and for a complete set of
independent 1,'s, and since, as is easily verified, if (17) holds for two values of 1,
it must hold also for any linear combination of them, and similarly for . In fact
if (17) holds for v, = 11 and for 1, = 19, we have the equations

Psahy = P18y, Psthy = P2 B1hy,

from which we can deduce

psa(c1in + cathy) = T1 psaihy + T psary
= C101BYs + C202 81
= (C_1¢1 + C_2¢2)6ws7

which shows that (17) holds also for ¥, = ¢11; + cot)s.
The observable [ defined by (17) is called the conjugute compler of
the observable o and is written @. Thus

Pstpy = Qran)s. (18)

The conjugate complex of @ is a. We use the words ‘conjugate complex’ and not
‘conjugate imaginary’ since it is permissible to add together an observable and its
conjugate complex, both being quantities of the same nature, so that one can split
up any observable « into its real part, 3(« + @), and imaginary part, 3(a — @).
The condition for an observable « to be real is

¢s@wr = ¢ra¢s- (19)

In the special case when the observable « is a number, its conjugate complex
defined by (18) is the ordinary conjugate complex number.

It will now be proved that if 11 and ¢, are conjugate imaginary symbols, then
so also are arpy and ¢ for any observable a. If we denote by ¢ the conjugate
imaginary of a1y, then from (8)

Ps = psanhy
for arbitrary 5. But from the definition (18)

Psrpy = Praps.
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Hence Phs = pranps
for arbitrary 1), so that from (10) (with ¢’s and v’s interchanged)
¢ = ¢la7 (20)

which was to be proved.
We shall now find the conjugate complex of the product a4 of two observables
a1 and as. The equation that defines this conjugate complex, ajas is

Pporathy = Pgou iy (21)
for arbitrary ¢, and ¢,. If in formula (8) we put
¢S = ¢qa/1a wr = 0422/};)7

which require, from the theorem of equation (20),

7/)5 = 01_177/)(17 ¢7~ = ¢pa_27

we get Op 0 O Yy = Qg1

Comparing this with (21) we obtain, since these equations hold for arbitrary ¢,
and v, the result
Qq Qg = Qg O (22)

Thus to find the conjugate complex of a product we must take the conjugate complex
of each factor and reverse their order. This rule holds also when there are more
than two factors in the product, as may be proved by successive applications of
the rule for two factors, e.g.

10903 = @_5 10 = Oé_5 CY_Q Ck_l

As a corollary of this theorem we have that if a; and as are two real observables,
then ajan + asay is also real and oy — asay is imaginary. Only when «; and
ay commute is ajas also real. Equation (18) and the theorem of equation (20)
show that it is a general rule that when one forms the conjugate imaginary or
the conjugate complex of any permissible combination of the symbols denoting
observables and states, one must reverse the order of the factors in a product and
take the conjugate imaginary or conjugate complex of each factor.

11. Physical Interpretation of Algebra of
Observables

The axioms and assumptions that we have made about observables are so far purely
mathematical and have no physical implications. The physical connexions, which



11. Physical Interpretation of Algebra of Observables 27

cause these axioms and assumptions to become physical laws, will now be given.
The observables that appear in the discussion in this section must be understood
to be all real observables.

If a state 1), and an observable « are such that, when an observation is made of
the observable with the system in this state the result is certain to be the number
a, we assume this information can be expressed by the equation

v, = a, (23)

Conversely, when an equation of this type is given we assume it has the physical
meaning that a measurement of the observable a with the system in state v, will
certainly give for result the number a or that the observable « has the value a for
the state 1., to use a classical way of speaking which is permissible in this case.
Equation (23) is equivalent to

¢r05 = (Mbr (24)

provided « is real, since, from the theorem of equation (20), equation (24) is just
the conjugate imaginary of equation (23). Thus the symmetry between the ¢’s
and v’s is maintained.

In the special case when the observable « is a number, then equation (23) holds
for every state v, with this same number for a. This means that the observable
is of a trivial kind such that any measurement of it always gives one particular
result, independent of the state of the system.

We can now deduce some physical results from the theory. For example, if for
a given state ¢ the observable «; has the value a; and the observable ay has
the value ao, we have the equations

aﬂb = CL11/1, 05277b = a2¢7 (25)

from which we can deduce that

(a1 + a2)Y = (ay + a2)?,

Q1) = ayas),

and thus infer that for the state 1) the observable oy 4+ a5 has the value a; 4+ a3 and
the observable aqas has the value ajas. These results are necessary for the theory
to be consistent, since the observations of oy and as for the system in state i are
compatible, as neither observation need cause a change in the state, so that one
would expect the ordinary classical ideas of measurement to be valid. For the same
reason we require the result, which may easily be deduced from the first of
equations (25) by induction, that f(ay) has the value f(a,) for the state 1), where
f denotes any function expressible as a power series. We shall later define more
general functions of an observable than are expressible as power series, and for
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these more general functions this result will still hold. In fact it will form the basis
of the definition of these more general functions.

Again, if we are given that an observable o has the value a for each of two
states 11 and 19, we can write down the equations

ayy = ayy, )y = as

from which we can deduce that

a1 + cathe) = alcrhr + cats)

Thus « has the value a also for any state obtainable by superposition of ; and
9. This result was deduced in §6 from the definition of superposition and the fact
that it is also deducible from the present analysis illustrates the self-consistency
of the theory.

In classical mechanics an observable always has a particular value for any state.
This is not so in quantum mechanics, where a special condition of the type (23) is
necessary for an observable to have a particular value for a certain state. In general
the measurement of an observable for a given state will lead to one or other of
a number of possible results, according to a certain probability law. The question
now to be considered is what can be said in the general case about an observable
with respect to a state. If one has an observable o and one takes any two states
Or, Vs, one can form the number ¢,.a1)s. This is the only general way of forming
numbers referring to an observable and particular states. Thus an observable has
a numerical value associated with each pair of states, in stark contrast® to the
classical theory, where an observable always has a numerical value associated with
a single state, namely, the value of the observable for that state.

We could, however, as a special case, take conjugate imaginary symbols ¢, and
¥, which both denote the same state, and form the number ¢,.a1,.. We should
then have a number completely determined by the observable o and the state v,
provided the ¢, and ), are normalized, since, as is easily verified, ¢, a1, remains
invariant under any transformation of the type (4) with b, = @, that preserves
the normalization. Thus it is possible to associate with the observable v a definite
numerical value for a single state 1., but it would not be convenient to define this
number as the value of the observable a for the state 1),, for the following reason.
If for a particular state a; is the value of an observable aq and a, is that of s,
then we should require a; + as to be the value of a; + as and aqas to be that of
1. The definition just proposed for the value of an observable for a state would
give

a1 = ¢r0411/)r7 ag = ¢r042¢r,

*Original:- sharp distinction
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from which we could deduce

ar + az = ¢ (o + a2)y,

and hence infer that a; + as is the value of a; + ay. We could not, however, deduce
that

1042 = Pra1 21y,

which would, in fact, in general be untrue, so that we could not infer that aia, is
the value of ajap. Thus we cannot take ¢,.a1),. as a general definition of the value
of an observable a for a state .. We must rely on the equation (23) to give
the definition of this value in the special cases when it exists.

The fact, however, that the proof fails only in the case of the product a;as and
not in the case of the sum o4 + ay allows us to say that ¢,.a1), is the average value
of the observable « for the state ¢,.. This is so because the average of the sum
of two quantities must equal the sum of their averages, but the average of their
product need not equal the product of their averages. Thus our symbolic algebra
allows us to define a certain number as being the average value of an observable for
a particular state, without leading us to inconsistencies. The assumption that this
so-defined average is really what one would obtain if one measured the observable
a large number of times (the system having to be re-prepared each time, of course,
in order that it may be in the proper state) and worked out the average result,
constitutes the main link connecting the symbolic algebra with physical facts.
The other links previously given, i.e. the assumption that ’@%\2 is the probability
of agreement of ¢, with ¢, and the assumption that the equation o) = aw) holds
when an observation of o on the system in state 1) will certainly lead to the result
a, will be shown later (§18) to be deducible from this main link as special cases.

If an observable « has the value a for a state v,, so that equation (23) holds,
we can deduce that

(brawr = Qs?“awT = a¢rwr =a

if ¢, and 1, are normalized. Hence the average value of « for the state 1, is
found to be a, as is necessary for the physical interpretation of the theory to be
consistent. We cannot, of course, deduce the converse, i.e. deduce (23) from the
equation ¢,.a1),. = a.

The numbers ¢,.a1s which the theory also gives us, where ¢, and ¥, denote
two different states, do not have any such direct physical interpretation as the
numbers ¢, ath,. We shall find later that |¢,c),|? is, apart from a certain factor, the
probability of a transition from state 14 to state ¢, being caused by a perturbing
energy whose time integral is a. (See §52.)
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12. Example of Algebra of Observables

As an example of the symbolic algebra of observables, which is the same as ordinary
algebra except for the non-validity of the commutative law of multiplication,
we shall consider some propertics of two observables, p and ¢, that satisfy

qp —pq =1 (26)

¢ being a root of minus one. From §10 we see that it is possible for two real
observables p and ¢ to satisfy this relation. If we multiply (26) by ¢ on the left,
and then by ¢ on the right, we obtain

¢°p — qpq = iq
and qpq — pq* = iq,
from which, by addition, we find

¢°p — pg° = 2iq.

This result can be generalized. If we multiply (26) firstly by ¢"~' on the left,
secondly by ¢"2 on the left and ¢ on the right, thirdly by ¢"~3 on the left and
¢* on the right, and so on until n-thly we multiply simply by ¢"~! on the right,
we get the equations

q"p—q""'pg=ig""
n—1

q"'pg— ¢ *pg® = ig" !

qn—qu2 o qn—3pq3 — iqn—l

apg" "t —pg" = ié"’l;
which give, on addition, the result
q"p —pq" = nig" .
This result may be written
q"p —pq" =1idq"/dg.
It follows that, if f(g) is any function of ¢ expressible as a power series,

fo—pf =idf/dq, (27)
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since this result must hold separately for each term in the expansion.
As a special case, we may take for f the power series

n n

f(q)zz(mlq

n
n=0

where ¢ is a number. We can define this to be €/? and the ordinary exponential

theorem will then hold, since no symbol that does not commute with ¢ could occur

in the proof of it to make a difference between the present and ordinary algebra.

With this expression for f, (27) becomes
eicqp _ peicq — _Ceicq

or e“lp = (p — c)e". (28)



ITI. EIGENVALUES AND
EIGENSTATES

13. Definitions and Elementary Properties

IN the present chapter we shall consider some of the properties of real observables.
If we have any real observable o we can write down the equation

o = a (1)

where a is a number, and consider it as an equation for the two unknowns a and .
If a and v are any solution, we call them respectively an eigenvalue and an eigen-1
of the observable a. It may easily be seen that the eigenvalues are all real numbers,
since if we multiply (1) by the ¢-symbol that is conjugate imaginary to ¢» we obtain

par) = agy.

Now ¢atp and ¢1p are both real, as follows from equations (19) and (8) of
the preceding chapter when one takes r = s, and hence a must be real. Analogous
to (1) is the equation

pa = ag. (2)
If a and ¢ are any solution of (1), then the same value of a and the ¢ that
is conjugate imaginary to this ¢ form a solution of (2), since equation (2) is
then the conjugate imaginary of equation (1). We call the ¢’s that solve (2)
eigen-¢’s, and the states denoted by the eigen-1’s or eigen-¢’s we call eigenstates
of the observable a. FEach eigen-v, eigen-¢ or eigenstate is associated with one
definite eigenvalue, or, as we shall say, belongs to that eigenvalue.

The physical meaning of an eigenvalue is that there exists a state, namely,
the eigenstate belonging to it, such that a measurement of the observable when
the system is in this state will certainly give for result just this eigenvalue.
The eigenvalues of an observable are the possible results of a measurement of this
observable. Fvery possible result of the measurement of & must be an eigenvalue as
it must satisfy (1) when one takes for the 1 in this equation the state of the system

32
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immediately after the observation has been made. The whole set of eigenvalues
of an observable may consist of a discrete set of numbers, or a continuous range
of numbers, or perhaps both. The calculation of eigenvalues is one of the main
problems of quantum mechanics.

In the special case when the observable is a number, it has only one eigenvalue,
namely, itself, and any state is an eigenstate. If a is any observable and c is a
number, then, as follows at once from the definitions, each eigenvalue of o + ¢ is
greater by ¢ than an eigenvalue of « and each eigenstate of a+ c is an eigenstate of
«. Similarly each eigenvalue of ca is ¢ times an eigenvalue of « and each eigenstate
of ca is an eigenstate of a.

The theorem will now be proved that two eigenstates belonging to two different
etgenvalues of an observable are orthogonal. Suppose the eigenstate ¢; belongs to
the eigenvalue a; and the eigenstate ¥y belongs to the eigenvalue as. We then have
the equations

ay = a1y (3)
G2x = azo (4)
Multiplying (3) by ¢, on the left-hand side and (4) by v on the right-hand side,
we obtain Ga0th1 = a1ty
and Gatp1 = a2t
Hence (a1 — az)parpr =0,

so that, if a; is not equal to as, then @11 = 0 and the two states 1, and s
are orthogonal. This theorem is required by the physical meaning of eigenstates,
since for two eigenstates belonging to two different eigenvalues there exists
an observation, namely, the measurement of the observable «, for which the result
must certainly be different in the two cases, so that the two states are, by definition,
orthogonal.

If ¢y and v are two eigen-i)’s belonging to the same eigenvalue, then it is
evident that any linear combination of them (c111 + c21b2) must also be an eigen-1
belonging to this eigenvalue. It will now be proved that no linear combination of
eigen-1’s belonging to different eigenvalues can be an eigen-1, i.e. that eigen-y’s
belonging to different evgenvalues are all necessarily independent. If this were not
so we should have a relation of the type

Z Crwr = O, (5)

with numerical coefficients c,, between a number of eigen-v)’s belonging to different
eigenvalues. We can without loss of generality assume that there is no other
independent relation of this type between these eigen-1’s, since if there were others
we could eliminate some of the 1’s, which would leave a single relation of this type
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between the remainder. Multiplying (5) by «, we find
0=a Z cripy = Z cranh, = Z Cry Yy, (6)

if a, is the eigenvalue belonging to ¢,.. Now (6) is a linear relation between the 1),’s
with numerical coefficients and therefore, by hypothesis, must not be independent
of (5). This requires that the a,’s shall all be equal, so that the 1,’s must all belong
to the same eigenvalue.

This theorem could have been inferred, from the definition of superposition
in §6 together with the physical meaning of eigenstates. A relation of the type
(5) implies that one of the eigenstates, 1; say, is obtainable by superposition of
the others 15, 13, ..., so that any result that can be obtained from an observation
of the system in state ¢ must have a finite probability of being the result when
the observation is made on the system in at least one of the states o, 3,....
This would not be the case if the observation consisted in the measurement
of the observable a when the s all belong to different eigenvalues of «.
Thus a relation of the type (5) is impossible.

14. The Expansion Theorem

The expansion theorem of the theory of eigenvalues asserts that an arbitrary
W-symbol can be expanded in terms of eigen-1’s of any real observable, thus

=) 1, (7)

where the 1s are eigen-1’s of a real observable a. Such an expansion must be
unique, since otherwise there would be a relation of the type (5) between eigen-1)’s
belonging to different eigenvalues. If the eigenvalues of o do not form a discrete
set of numbers but a continuous range, or if they form both a continuous range
and a discrete set, then the number of eigen-1’s occurring in (7) may be more
than an enumerable number and equal to the number of points on a line. In such
a case we may require an integral of the type

v=[vap (8)

in order to express the general v, or we may require both a sum and an integral.
The theory of 1-symbols developed in the previous chapter does not give any
rigorous definition for an integral of the type (8). In order to get such a definition
one would have to introduce a number of new assumptions concerning limits and
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continuity for the ¥-symbols, which would be beyond the scope of the present work.
For all physical purposes it is sufficient for one not to aim at a rigorous theory when
dealing with such things, but to content oneself with making use of rough intuitive
notions about limits and continuity, such as could be obtained, for instance,
from the vector picture of the ¢’s. These intuitive notions show that if one has
a 1-symbol 9, that involves a parameter p in some reasonably continuous way,
one can differentiate or integrate 1, with respect to p and the result will be
another ¢)-symbol.

Under these circumstances one cannot, of course, attempt to give a rigorous
deduction of the expansion theorem from the symbolic algebra. The following
argument, however, makes the theorem appear plausible. Consider the 1-symbol
1, that is a function of the parameter 7 and that satisfies the differential equation

0 .
Ewﬂ' = ZOﬂﬂT- (9)

If 4, is given for one value of 7, then this equation fixes v, for a slightly greater
value of 7. Thus we should expect this equation to have one solution, and only
one, for any given initial value for v, i.e. for ¢, equal to an arbitrary 1y when
7 = 0. Suppose now that this solution can be expressed as a Fourier series or
integral in 7, thus, if we take for definiteness the case of the integral,

m=/Wm@, (10)

where 1, is independent of 7, but involves the new parameter p. Substituting
this expression for ¢, in (9), we obtain

vy ip =ia [ i, ap
or /peipT@bp dp = /ei’”awp dp .

Since this equation holds for all values of 7 we can equate coeflicients of e,
which gives

p¢p = vabp-

Thus 1, is an eigen-1) of o belonging to the eigenvalue p. If we now put 7 = 0
in (10), we obtain

v = [ vndp,

which expresses the arbitrary ¢, in terms of the eigen-¢’s 1, in the form (8).
The discrete terms such as occur in (7) would arise when the Fourier expansion
(10) requires terms of a Fourier series.
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The weak point in the above argument is the assumption of the possibility of
a Fourier expansion (10) for ¢.. If one takes the vector picture and considers 1,
to be a vector varying continuously with 7, one would expect some kind of Fourier
expansion to be possible, except when the magnitude of the vector tends to infinity
as T — 00, a possibility that may very well occur with an equation of motion of
the type (9). One can, however, exclude this possibility by making use of the fact
that « is a real observable. (For an observable that is not real the expansion
theorem is not necessarily true.) If ¢, is the ¢-symbol that is conjugate imaginary
to 1y, it will satisfy the conjugate imaginary differential equation to (9), which is

agqu = _i¢ra-
-
0 oY, 0o,
Hence - =

- (Grt) = 6,57 + Ty,

= pricth, — idranh, = 0, (11)

Thus the square of the modulus of the vector v,, which is ¢, remains constant.

From the above non-rigorous discussion one would expect the expansion
theorem to follow rigorously from the symbolic algebra with the addition of suitable
axioms about limits and continuity. The corresponding theorem for ¢’s must then,
of course, also hold. Throughout the rest of this chapter we shall, for definiteness,
assume the expansions we have to deal with involve sums and not integrals.
The theorems to be proved would still be true for integrals, only formal alterations
in the proofs being required. These formal alterations would, however, require
a new notation, and this will be given in the next chapter (see §22).

15. Functions of an Observable

The expansion theorem enables one to give a definition of a function of a real
observable of the same degree of generality as that of an ordinary function of
a real variable. Let a be a real observable and let v, be one of its eigen-1’s,
belonging to the eigenvalue a,, so that

ah, = app.

It is evident, as was mentioned in §11, that if f(z) denotes any function of x
expressible as a power serics, then

fla)y, = f(ap)p. (12)

We can assume that this relation holds for more general functions. If f(z) denotes
any function of the real variable z whose domain includes the point z = a,,
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then the right-hand side of (12) has a meaning and we can define f(a)i, by this
right-hand side. If there are several eigen-1’s belonging to the same eigenvalue a,,

say v, ¥y, ..., so that there can exist linear relations between them of the type

> =0,

where the coefficients ¢ are numbers, then the definition (12) is self-consistent,
since it gives

F@)) o dwl, => " flaydy, =Y d flay)yy, = 0.

Thus if the domain of the function f(z) includes all the eigenvalues of a, we can give
a meaning to f(«) multiplied into any eigen-1) of a. Further, we can give a meaning
to f(«) multiplied into an arbitrary v, since we can expand this arbitrary v in
terms of eigen-1’s and multiply f(«) into each term of the expansion separately.

Thus one can give a meaning to f(a) when f(x) is any function of the real
variable «, even an irregular or discontinuous one, whose domain includes all
the eigenvalues of . If this domain contains other points besides the eigenvalues of
«, then the values of f(x) for these other points will not affect f(a). These results
are a necessary consequence of the physical meaning of eigenvalues. If « is
an observable quantity, then f(«) must also be observable when f(z) is any
function of the real variable x that has a meaning for all values of x that are
possible results of the observation of «, i.e. all eigenvalues of «, since the same
apparatus and experiment that measure « really also measure f(«).

It follows from (12) that every eigen-1 of «v is an eigen-1) of f(a)). The converse,
that every eigen-i¢) of f(a) is an eigen-¢ of «a, is not true, except when « is
a function (a single-valued function is of course understood) of f(«). Also it follows
that the eigenvalues of f(«) are just this function f of the eigenvalues of a,
e.g. the eigenvalues of o2, are the squares of those of a. These results are obviously
necessary for the physical meanings of eigenvalues and eigenstates to be tenable.
Again, it may easily be deduced from the definition (12) that the sum or product of
two functions of an observable is a function of that observable and that a function
of a function of an observable is a function of that observable, which results are
also physically necessary.

We can use the eigen-¢’s instead of the eigen-i’s in order to define f(«).
We then have

opf(a) = flap)dp,
where ¢, is any eigen-¢ of a. This equation is, according to §10, just the conjugate

imaginary equation to (12) and is thus deducible from (12). The two definitions
of f(a) are therefore equivalent.
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The theorem will now be proved that any observable that commutes with «
commutes also with f(«). This theorem is of course obvious when f is expressible
as a power series. Let 3 be any observable that commutes with «, i.e. that satisfies
Ba = aff. Let ¢, be an eigen-y of o belonging to the eigenvalue a, and let ¢, be
an eigen-¢ belonging to the eigenvalue a,, which may or may not equal a,, so that

Oﬁ/}p = ap% qua = atﬂbq-

We now have GqBayy, = ¢gBapy, = a,051,.
Again PgBarpy = Gga Py = agPeSiy.
Hence (ap — aq)dq 1, = 0,

so that either ¢,01, = 0, or a, = a,, which would give f(a,) = f(a,;). Thus in
either case

[f(ap) = f(ag)]¢q3hp = 0.

Now GaBf )y = B f(ay)y = f(ay)PeBiy
and again Gqf () By = f(ag)deByp.
Hence GBS (@) = f(a)BlYy, = [f(ap) — [(ag)]dgBiby, = 0.

This result is true for any eigen-1, v, and is hence also true for an arbitrary 1,
which can be expanded in terms of eigen-v’s. Similarly it is true for any eigen-¢,
¢4, and is hence also true for an arbitrary ¢, which can be expanded in terms of
eigen-¢’s. Hence
Bf(a) — fla)B =0,

which is the result required. In this proof it is not assumed that 3 is a real
observable, although, of course, it is understood that « is real in order that a
general function of @ may have a meaning.

The converse theorem will now be proved, namely, if every observahle that
commutes with a real observable o also commutes with another observable f, then f
18 a function of a.. Tt will first be shown that if ¢, is any eigen-1) of a, then it is also
an eigen-1 of f. We introduce an observable g satisfying the following conditions:

61/)11 = 07

whenever 9, is an eigen-v of a belonging to an eigenvalue a, that differs from that
of 1, which is ay;

5% - %
and By, =0,

whenever ¢, is one of a set of eigen-¢’s of a belonging to the eigenvalue a,, such
that this set, together with v, form a complete independent set of all eigen-v’s
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belonging to the eigenvalue a,. We shall then have that ¢, the ¢\’s, and ,’s
form a complete set of independent 1’s, so that 3 is completely defined by these
equations. It is now easily verified that

afpy =0 = Par,

abiy, = apihy, = o,

By, = 0= Bay,.
Thus afy = Par)

for arbitrary ¢ and g commutes with «. Hence, by hypothesis, 8 also commutes
with f, so that

ﬁpr:fﬁwp:pr'

Now for an arbitrary -symbol 1 one must have

Bw = szu

where c is a number, as one can easily see by expanding ¢ in terms of v, the 1’s
and 1,’s, and multiplying 3 into each term separately.

Hence By = cibp,
so that Jibp = cty

and 1, is an eigen-y of f. To complete the proof that f a function of a according
to the above definition, it remains to be shown only that if two or more eigen-1’s
belong to the same eigenvalue of o, then they also belong to the same eigenvalue
of f. The functional relation between the eigenvalues of f and those of a will then
specify the function that f is of a. Now if two or more eigen-1’s of o belong to
the same eigenvalue of «, then any linear combination of them will be an eigen-vy
of a. From what has already been proved it follows that this linear combination
must also be an eigen-¢ of f, which can be the case only if the eigen-1’s, that it
is a linear combination of, all belong to the same eigenvalue of f.

16. Examples of Functions of Observables

Some examples of elementary functions of a real observable a will now be
considered. The reciprocal a~! always exists when o has not the eigenvalue zero.
By definition it satisfies

—1 —1
Q 7vbp:ap "pzn

where 1), is an eigen-1 of a belonging to the eigenvalue a,. Hence

-1 -1
aa Y, = aa, Y, =P,
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and since this is true for all ¢, we must have aa™! = 1. Similarly o 'a = 1. Either
of these equations is sufficient to determine a~! completely when this reciprocal
exists according to the above definition. To prove this result, suppose there are
two solutions, (a™1);, and (a™')s, of aa™'; so that

ala™); =1 ala™); = 1.
This gives a =0, (13)
where E=(aM —(a ),

If «v is such that there exists a &, not identically zero, satisfying (13), then a can
have no reciprocal, according to the above definition, since if such a reciprocal a~*

exists we obtain, by multiplying (13) on the left-hand side by a1,

0=atat =¢.

Hence ¢ = 0 and our two solutions of aa™! = 1 are identical.
As a second example we shall take the square root of «. This is defined by

Va, = £\a, P, (14)

The square root of a always exists, but is a real observable only provided « has
no negative eigenvalues. From (14) one obtains

vava, = ap/a, by, = aiy
so that Vay/a = a. (15)

On account of the ambiguity of sign in (14), the square root of an observable is
to a certain extent indeterminate. In order to determine a square root completely
one must choose a particular sign for each eigenvalue a, to insert in (14), which
is the same as fixing the sign of the square root of a real variable whose domain
consists of the eigenvalues a,. One can choose the sign to vary as irregularly as
one likes in passing from one eigenvalue to the next, and equation (14) will always
define an observable y/« satisfying (15) that can legitimately be called a square
root of a.. If the observable a has two eigen-1’s belonging to one and the same
eigenvalue a4, then we could define an observable /a by equation (14) with the +
sign for one of these eigen-1’s and the —sign for the other, and with arbitrary signs
for the eigen-1’s belonging to eigenvalues other than a,. This observable would
still satisfy (15), but it would not be a function of the observable « in accordance
with our definition, which requires a unique coefficient on the right-hand side
of (14) for each eigenvalue a,, so that this coefficient will form a single-valued
function of the real variable a,. The y/a defined without this unique coefficient
would not, for instance, satisfy the condition of commuting with any observable



41

that commutes with «. Thus, unlike what we had in the case of the reciprocal,
equation (15) is not sufficient for the definition of square-root functions, but must
be supplemented by the condition that the observable that is being defined is
actually a function of o. The number of different square-root functions is 2" where
n is the number of different eigenvalues of . The most useful one is usually that,
which exists only when all the eigenvalues of « are positive, for which the positive
sign is taken in every case.

As an example of a non-analytical function we may take the modulus |«| of
the observable «. This is defined by

|y = |ay| ¥y

and is quite a proper observable, in spite of the fact that the corresponding function
of a real variable is discontinuous, and may be used freely in the analysis when
desired.

17. Simultaneous Eigenstates

A state ¢ may be simultaneously an eigenstate of two observables o and f,
i.e. it may satisfy both

ap = ay
and By = by,
where a and b are numbers. We should then have
afy = aby = Bayp
or (af — Ba)y = 0.

This suggests that the chances for the existence of a simultaneous eigenstate of two
observables o and (3 are most favourable when (o — fa)i = 0, i.e. when a and
£ commute. When « and 8 do not commute the possibility for the existence of
a simultaneous eigenstate is not absolutely ruled out, but the occurrence of such
a state is exceptional. On the other hand, when a and [ commute there exist
so many simultaneous eigenstates, that, as will now be proved, an arbitrary state
can be expanded in terms of them. We thus get a generalization of the expansion
theorem of §14.

Let a and [ be two observables that commute and let 1,, be an eigen-1 of «
belonging to the eigenvalue a. By the expansion theorem of §14 we can expand 1,
in terms of eigen-v’s of 3, thus

o= th, (16)
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where 1, is an eigen-v of 3 belonging to the eigenvalue b. It will now be proved
that each 1, in this expansion is an eigen-1) also of « and is thus a simultaneous
eigen-1 of o and (5. If f(3) is any function of the observable 3, we have

af (B =Y f(B)

from the definition of a function given in §15. Now from a theorem of §15, since «
commutes with 5 it must also commute with f(5), so that of

af (B)va = f(B)ata = f(B)atha
=af(B)Y thv=a_ fb)s.
b

Hence a) [0y =a) [b)i. (17)

Now f(b) is an arbitrary function of the real variable b, so that for each value of b
in the domain of b, f(b) is an arbitrary number. Hence we can equate coefficients
of f(b) in (17), which gives

gy = ay.

Thus each of the 1’s in the expansion (16) is an eigen-i) of a belonging to
the same eigenvalue a as that of our original ¢, and is thus a simultaneous eigen-v
of « and . Any eigen-v 1, of o can therefore be expanded in terms of these
simultaneous eigen-1’s. But an arbitrary 1 can be expanded in terms of v,’s, and
hence an arbitrary 1 can be expanded in terms of simultaneous eigen-1)’s.

The converse theorem is also easily proved, namely, if two observables o and 3
are such that an arbitrary v can be expanded in terms of the simultaneous eigen-1’s
of a and B, then o and 5 commute. We have, in fact, if 1, is a simultaneous eigen-
¥ of o and [ belonging to the eigenvalues a and b respectively, the equation

(aff — Ba) ey = (ab — ba)a = 0.
Hence (af — Ba)yy =0,

where 1) is any ¥-symbol that can be expanded in terms of the v,,’s. If this is true
for an arbitrary ¢, we can infer that

OCB—BOCZO,

as required.
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The idea of simultaneous eigen-1’s may obviously be extended to more than
two observables and the theorem just proved still holds, i.e. an arbitrary ¢ can
be expanded in terms of the simultaneous eigen-¢’s of any set of observables
that commute and also its converse. The same arguments used for the proof
in the case of two observables are adequate for the general case, e.g. if we have
three observables a, 3, v that commute, each with the other two, we can expand
any simultaneous eigen-vy of a and S in terms of eigen-1’s of v and then show that
each of these eigen-1’s of ~v is also an eigen-¢ of a and £.

The fact that there is an expansion theorem for two or more observables that
commute, the same as that for a single observable, means that a set of two or more
observables that commute has many of the properties of a single observable and can
for many purposes be counted as a single observable, the result of a measurement
of which is expressible by two or more numbers. Thus the theory of functions of
a single observable developed in §15 can be applied without change to functions
of two or more observables that commute. If «, 3, 7,... are a set of observables
that commute, we define a general function of them, f(a, 8,7,...), by

f(aa 67 EERE )¢abcm = f(CL, b7 C, ... )¢abc...7

where 1. a simultaneous eigen-v) of «, [, 7,... belonging to the eigenvalues
a,b,c,... respectively, and f(a,b,c,...)is a function of the real variables a, b, c, . . .
whose domains consist of the eigenvalues of «, 3, v, ... respectively. The theorems

given in §15 about functions of single observables will apply also to functions of sets
of observables that commute, the proofs being formally equivalent in the two cases.
For example, we shall have the theorem that any observable that commutes with
each of a set of commuting observables a, (3, v,... will commute also with any
function of them, f(«, 3,7,...).

If we take the maximum possible number of independent observables that
commute, the condition of independence being that no one of them can be
expressed as a function of the others, then there cannot be more than one
simultaneous eigenstate for them all belonging to a specified set of eigenvalues.
To prove this result, let o, be the set of commuting observables and suppose there
are two independent simultaneous eigen-v’s, ¥; and )5, of all the «,’s belonging
to the same set of eigenvalues. Introduce the new observable § defined by

6¢1 :¢17 5@02 :07 Bw?)zov

whenever 13 is a simultaneous eigen-1 belonging to a different set of eigenvalues.
Then this § commutes with all the o’s and also it is not a function of them, as may
be seen from the fact that any linear combination of ¥ and 5 is a simultaneous
eigen-y of all the o’s but is not an eigen-1 of [, so that the set of a’s does not
contain the maximum possible number of independent commuting observables.
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Hence, when the set of a’s does satisfy the given conditions, each eigenstate must
be uniquely determined by the eigenvalues to which it belongs. Such a set we call
a complete set of commuting observables.

18. Some Probability Theorems

We shall now determine the probability of a given result being obtained when
an observation is made on the system in a given state. For this purpose the only
physical assumption we shall make use of is that given in §11 for the average
value of an observable. To determine the probability that an observable shall be
found to have the value a when a measurement of it is made for the system in
a state 1, we use the fact that if a measurement is made of f(a), any function
of a, the average result obtained will be

of (@),

where ¢ is the conjugate imaginary of v, provided ¢ and v are normalized.
Suppose ¢ and 1 to be expanded in terms of eigen-¢’s and eigen-1)’s, thus

¢:Z¢aa wzzwa/a (18)

where ¢, belongs to the eigenvalue a and v, to a’. The expression for the average
of f(a) now becomes

D Gaf (@)D thwr =) fla)patbe
= Z f(a)gbad]aa (19)

when we use the theorem of §13 that eigenstates belonging to different eigenvalues
are orthogonal. Now if P(a) is the probability of the observable « being
found to have the value a, the average value of f(a) must be ) f(a)P(a),
since the ordinary probability rules will apply in this case. Equating this expression
to (19), we find

S f(@)Pa) = 3 F@)éatin

This holds when f(a) is an arbitrary function of the real variable a, so that we must
be able to equate coefficients of f(a), which gives

P(a) = ¢atba. (20)
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We can easily verify that this expression for P(a) gives unity for the total
probability of o having any value, since from the normalizing condition for ¢

and 1 we find
Z%Z%/ = 17

Z¢a¢a = 1.

We can put the expression (20) in a different form by inserting numerical
coefficients in the expansions (18) so that they read

szzc_agbav 20:20@/%/,

and taking the ¢,s and 1,s to be normalized. We then get for P(a)

which reduces to

P(CL) = C_a¢acawa = ‘Ca‘z

so that the probability of o having any given value is equal to the square of
the modulus of the corresponding coefficient in the expansion.

From this it follows at once that if the state v is an eigenstate belonging
to the eigenvalue a, the probability of o having the value a is unity. Thus the
result that if ay) = a1), a certainly has the value a for the state v, is deducible
from the general assumption for the average value of an observable. A second
immediate consequence is that any result, a say, for an observation of a on
the system in the state c19; + co0y has a finite probability of being the result
when this observation is made for either state 1), or state 1y, since if the term
belonging to the eigenvalue a in the expansion of c¢1¢; + 219 in eigen-y’s of «
does not vanish, that in the expansion either of 1 or of ¥y must also not vanish.
This shows that the definition of superposition given in §6 is equivalent to that
contained in the symbolic algebra, together with the interpretation of this algebra
that ¢at) is the average of «.

The results we have just obtained all remain true when we replace
the observable « by a set of two or more observables that commute, the proofs
being formally unaltered. Thus, we shall have that if v is expanded in terms of
simultaneous eigen-1’s of two observables, a and (3, that commute, i.e.

w = Z¢ab
a,b

where 1y, is a simultaneous eigen-1, belonging to the eigenvalues a and b for «
and [ respectively, then the probability that the results and [ shall be obtained
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from measurements of o and [ for the state 1) will be ¢4 when 9 is normalized.
The existence of a definite probability for these results, independent of the order
in which the observations are made, requires that the observations shall not
interfere with each other and suggests that the condition that two observables
commute 1s equivalent to the condition that the two observations are compatible.
A formal proof of this will now be given. Before we can do this we must
obtain a mathematical form for the condition that an observation is made with
the minimum of disturbance, which we have hitherto discussed only qualitatively.

Consider an observation, consisting of the measurement of an observable «,
to be made on a system in the state 1. The state of the system after the observation
must be an eigenstate of «, since the result of a measurement of « for this state
must be a certainty. Now suppose the observation to be made in such a way that
the state of the system afterwards is always one of those that occur in the expansion
of the initial ¢ in terms of eigen-¢’s of «, ¢.e. one of the ¥,s in

¢:Z¢a-

This is permissible since there is one eigen-i) 1, in the expansion for every
eigenvalue a that has a finite probability of being the result of the observation.
This observation of @ may then conveniently be defined to be the one that causes
the minimum of disturbance to the system. Observations that cause the minimum
disturbance are thus those with the property that, by a superposition of all
the possible states after the observation, the state before the observation may be
formed, or those with the property that any result that can be obtained from any
observation on the system in the initial state is a possible result when the same
observation is made on the system in one of the final states. It is observations
with this property that should be understood in the discussion on compatibility
in §4. Granting the existence of observations with this property, there is a physical
necessity for the expansion theorem of §14.

Now let o and [ be two observables that commute and let any state i be
expanded in terms of simultaneous eigen-s’s of a and 3, thus

¢ - Z 77Dab~
a,b
The expansion of ¢ in terms of eigen-¢’s of o must then be
Y=t (21)
where Yy = Z Vab, (22)
b
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and similarly the expansion of 1 in terms of eigen-v¢’s of 5 must be

Y= 1, (23)
b
where Yy = Z (. (24)

The suffixes in each case denote the corresponding eigenvalues. If ¢ is
normalized, then the probability for this state of the result b being obtained
from a measurement of 5 will be ¢y0,. When this result is obtained, the state
of the system after the observation will be 1, if the observation is made with
the minimum of disturbance according to the above definition. If an observation is
now made of « for this final state 13, the probability of the result a being obtained
will be, from (24),

¢abwab/¢bwb7

the denominator arising from the fact that the symbol 1, is not normalized.
Thus the probability of first the result b being obtained for § and then the result a
for a will be, by multiplication, ¢.,%q. The total probability of the result a being
obtained for the second observation with any result for the first must therefore be

Z ¢ab¢ab~
b

If, now, an observation of o were made on the system in the initial state 1), with
no observation at all of 3, the probability of the result a being obtained would be,
from (21), ¢410,. On account of (22), this must equal

Z ¢ab Z wab’ = Z gbabqv/}abv
b v b

from the orthogonality theorem of §12, which is the same as the probability
that the result a shall be obtained for « after an observation of . This is just
the condition that o and S shall be compatible according to §4.

The converse will now be proved, that if the measurements of two observables
a and [ are two compatible observations, then a and § commute. It was shown in
§4 that if the compatible observations o and 3 are both made on the system in any
state 1, the final state will be such that the result for either observation with this
state will be a certainty, ¢.e. the final state will be a simultaneous eigenstate for «
and (. If the observations are made with the minimum of disturbance according
to the above definition, then the initial state v must be capable of being expanded
in terms of all the possible final states. Thus an arbitrary v can be expanded in
terms of simultaneous eigen-1’s of a and [, so that a and § must commute.
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The identification of the condition of commutability of observables with that
of the compatibility of the observations allows us to see a physical necessity for
the theorem of §15 that any observable that commutes with an observable «
commutes also with f(a), any function of a. This theorem may now be stated
in the form that any observation that is compatible with the observation of « is
compatible also with the observation of f(a) and is thus physically obvious, since
any observation of « is in the fact itself also an observation of f(a).

It will now be shown that the fact that the probability of agreement of two
states ¢y and ¢, is \qﬁgwl]z, when 1; and ¢, are normalized, is deducible from
the general assumption for the average of an observable. It has been shown that
from this general assumption one can deduce that the probability of an observable
o having the value a for the state 1/ is |c,|*, where ¢, is the coefficient of the eigen-1)
belonging to the eigenvalue a in the expansion of ¢ in terms of eigen-¢’s of «,

1/}1 - Z Cawa (25)

when v, and all the ,s are normalized. This result is still true when «
denotes a set of commuting observables «, and 1, is a simultaneous eigen-1
belonging to the set of eigenvalues a,. There is one maximum observation,
the result of which for the state 15 is a certainty. This maximum observation
will consist in the measurement of a set of commuting observables «,, which
set must be a complete set, in the sense defined at the end of the preceding
section, if the observation is really a maximum one. The state )y is then
a simultaneous eigen-i¢) of all these observables «, and there is no other
simultaneous eigen-¢» belonging to the same set of eigenvalues as 1), does.
That term in the expansion (25) which belongs to the same set of eigenvalues
as 1, must therefore be just 1, itself or differ from it by a trivial numerical factor.
The probability of agreement of ¢y with 1), which is the probability that the result
of the observation of the a’s for state 1, is the same as for state i, is therefore
\ca2|2, where ¢,o is the coeflicient of that 1,, in (25) that is just 5. But from
the orthogonality theorem, one finds that ¢, is equal to just this coefficient c,9,
so that the probability of agreement is |poth1|>

19. Contact Transformations

The folowing important theorem in the theory of eigenvalues will now be proved.
If S is any observable having a reciprocal S™' and o is any observable, then the
eigenvalues of SaS™1 are the same as those of . Let a be any eigenvalue of o
and let ¢, be an eigen-y of a belonging to it, so that

O‘wa = aﬂ/}a-
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This gives SaS™1Sy, = Sarp, = Sa, = aSi,.

Hence S, is an eigen-1) of Sa.S~! belonging to the eigenvalue a. Conversely, as
may be shown in a similar way, if a is any eigenvalue of SaS™! and 4 is an eigen-1)
of SaS™! belonging to it, then a is also an eigenvalue of o and S~ is an eigen-1)
of a belonging to it.

It is not necessary for this theorem that S should be a real observable. If S is
not real we cannot use the general definition of a function of an observable in order
to define S~!, but must use instead the conditions SS~—! = S~1S = 1, which are
sufficient for the proof of the theorem. S can be any observable such that there
exists an S~! satisfying these conditions. It is also not necessary for the theorem
to be true that « should be a real observable, but since the only eigenvalues of
interest in quantum mechanics are those of real observables, the theorem is useful
only when both o and SaS~! are real. This imposes a condition on S. If SaS~!
is to be real whenever « is real, we must have, from the rule (22) of §10,

SaS™! = SaS—1 = 5-1as = S5-1as
which requires, ignoring possible trivial numerical factors,
St=3, S =51

Either of these conditions is a consequence of the other.

When S satisfies these conditions, the transformation from a set of observables
a, to the set B, = Sa,S7! is called a contact transformation of observables,
since, as we shall see later, it is analogous to a contact transformation of
classical mechanics. Each of the new observables [, has the same eigenvalues
as the corresponding original one «,. Further, the transformation has other
remarkable properties, namely, if any algebraic relation holds between some of
the a’s, the same relation holds between the corresponding 5’s, and if one of the a’s
15 a function of another one according to the general definition, the same functional
relation holds between the corresponding (3’s.

To prove the first of these two properties, we observe that any algebraic relation
between the a’s may be written in a rational integral form of the type

E capty . ..o, = 0,

the summation consisting of an arbitrary number of terms, each consisting of
an arbitrary number of factors, and the ¢’s being arbitrary numerical coefficients.
From this we deduce, by multiplying by S on the left and S~ on the right,
the result

ZcSapaq a8 =0
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or ZcSapS_lSaqS_l...SozzS_l =0
or Zcﬂpﬁq...ﬁz:O
which is the result required.
To prove the second of these properties, suppose ay = f(ay), where f(a) is
a function of the real variable a defined for each of the eigenvalues of a;;. Since these

are also the eigenvalues of 31, we can give a meaning to f (/). Let ¢, be an eigen-1
of a1, belonging to the eigenvalue a. We then have

flen)va = fla)ta. (26)

But S, must be an eigen-1) of Sa;S™! or B, belonging to the eigenvalue a of 3,
so that we must also have

f(81)SYa = f(a)St,. (27)
Multiplying (26) by S on the left, we obtain

Sf(a1)S7' 51, = Sf(a)i,
= f(B1)S¥ (28)

from (27). Now St), is an arbitrary eigen-¢ of 1, so that any ¢ can be expanded
in terms of S1,’s. Hence we can equate coefficients of S, in (28), which gives

f(B1) = Sf(ar)S™" =SS~ = 3y

as required.

If two contact transformations are applied successively, the result is another
contact transformation. To see how this comes about, consider the transformation
By = Sa,S™! from the a’s to the 8’s and the transformation v, = 75,7 from
the B’s to the v’s. We have then

v =TSa, ST,

Now (TS)(S'T™H) =1
and (ST'T)(TS) =1,
so that we can put STt =(TS)™.

The connexion betwcen the a’s and v’s now becomes
v = TSa,.(TS)™},

which is a contact transformation.
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If the observable S in the transformation 8 = SaS™! differs from unity only
by an infinitesimal, we get an infinitesimal contact transformation. Suppose

S=14iA,

where A is very small, so that its square may be neglected. (A small observable
is one whose eigenvalues are all small, or whose average for any state is small.)
We then have

STl =1—iA,

since this gives SS™1 = S71S = 1 with neglect of A2 The transformation equation
now becomes

B=(1+iA)a(l—iA),
which gives f—a=i(Aa —aA), (29)

with neglect of A% This is the standard form for an infinitesimal contact
transformation. In order that g — « may be a real observable when « is real,
A must be a real observable.

As an example of contact transformation theory, we shall obtain some more
information about the observables p and ¢ of §12, satisfying equation (26) of that
section. We apply the theorem that p has the same eigenvalues as SpS~., taking
for S the expression €Y, where c is a real number, which makes S—' = S. We now
find

Spsfl — eicqpeficq — (p _ C)eicqeficq =p—c,

with the help of equation (28) of §12. Thus p has the same eigenvalues as p — ¢,
which are just c less than those of p, so that if a is any eigenvalue of p, a — ¢ must
be another. This is true for arbitrary ¢, so that p must have as eigenvalues all
numbers from —oo to +o0o. Similarly it may be proved that ¢ has as eigenvalues
all numbers from —oo to +00. These results are necessary consequences of the
single algebraic condition gp — pq = 1.



IV. REPRESENTATIONS OF
STATES AND OBSERVABLES

20. General Properties

IN the two preceding chapters we dealt with certain abstract symbols, denoting
states and observables, whose exact nature was not specified, but which were
assumed to obey certain definite laws. In the present chapter we shall
consider representations of these abstract symbols, i.e. sets of numbers having
properties that correspond completely to those of the symbols they represent.
When once one has found such a representation and has understood the nature of
the correspondence, one can obtain all the properties of the abstract symbols that
one wants by dealing entirely with their representatives, to which, since they are
just sets of numbers, ordinary mathematical methods apply. One cannot, of course,
obtain in this way any relation between the abstract symbols that one could
not obtain directly from the algebra of the abstract symbols without the help
of a representation. Omne can, however, often obtain results much more easily
and conveniently with the help of a representation than without it, and further
the numbers occurring in a representation have often a very direct physical
interpretation, so that representations are of great use in applications of the theory.

Suppose we have a complete set of independent 1’s, the general member of
the set being denoted by v,. The fact that the set is complete means that every
1 can be expressed as a sum of members of the set in the form

Y= Zapwpa (1)

where the coefficients a, are numbers. The fact that the members of the set
are independent requires that an expansion of the form (1) is unique,
since if an alternative expansion

V= Zagﬂ/’p
p

52



20. General Properties 53

were possible, we could obtain by subtraction

0="> (a, — a))y,

p

which can be true with independent ;s only if a, = a;, for all p. Thus according
to (1) each ¢ determines uniquely a set of numbers a, and, conversely, each set of
arbitrary numbers a, determines a 1. There is a one-one correspondence between
the ¢’s and the sets of numbers a,.

If 1), corresponds to the set of numbers a, and 1, to the set b,, we have

¢a = Zap¢pv 'Qb = Z bpqu)pa

p

and hence Yo + Py = Z(ap + bp) ¥y,

p

so that ¢, + vy corresponds to the set (a, + b,). Also, if ¢ is any number,
c1p, corresponds to the set ca,. Thus all the properties of the ¢’s of addition
and multiplication by numbers are possessed also by the sets of numbers a,
corresponding to them. The sets of numbers thus form a representation of
the 1’s, each 1 being represented by one set a, defined by (1). The v,’s will be
referred to as the fundamental 1’s of the representation. If we take a different
set of fundamental 1’s, we shall get a different set of numbers to represent
each 1, so that we shall get a new representation. There is one representation
for each complete set of independent ’s, since they may always be taken as
fundamental ¢’s. In the vector picture of the v’s the numbers representing any
Y are its co-ordinates relative to certain axes (which may be oblique), which
are determined by the fundamental v’s. The different representations are then
the co-ordinates referred to different axes. A state is defined by the ratios of a set
of numbers a, to each other, since a 1) can be multiplied by an arbitrary number
and will still represent the same state.

We shall now consider how an observable « is to be represented. If v, is any
fundamental 9 of a representation of ¢’s, we can form the product o), and expand
it in terms of the fundamental ¢’s in the form (1) thus

g = Z VpQtpg, (2)

where the coefficients o, are numbers, which depend of course, as the notation
implies, on the suffix ¢ of the 1) on the left-hand side. We have put the coefficients
apg in (2) on the right-hand side of their respective 1,,s, instead of following
the usual practice of putting coefficients on the left, so that the order of the two
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suffixes may be more easily remembered. That suffix of «,, which is nearer to
the v is the same as the suffix of the . This is an example of a rule which will
be used very extensively in the future.

Each observable a determines uniquely through equation (2) a set of
numbers ay,,. Conversely, each set of numbers oy, determines an observable a.
There is thus a one-one correspondence between observables a and sets of
numbers a,,. These sets of numbers are the representatives of the observables.
The correspondence between the properties of the sets of numbers and those of
the observables will now be investigated.

Each set of numbers representing an observable is twofold, on account of the two
suffixes, and may most conveniently be written as a matrix array, each number
oy, of the set being the element of the matrix in the p-th row and ¢-th column.
Thus each observable is represented by a matrix. The number of rows and columns
of the matrices is equal to the number of fundamental ¢’s of the representation
and one row and one column correspond to each fundamental ¢). A row and
column that correspond to the same fundamental v correspond to one another.
An element of the matrix that lies in a row and column corresponding to one
another, 7.e. an element of the type «,,, is called a diagonal element, since all such
elements lie on a diagonal of the matrix when the rows and columns are arranged
both in the same order.

If an observable « is represented by the matrix oy, and an observable 8 by
the matrix 3,,, then it is easily verified that the observable a + /3 is represented
by the matrix a,, + 5,4, and the observable ca, where c is a number, by cay,.
These results rnay be expressed in symbols by the equations

(@ + B)pg = pg + Bpg, (3)
(cat)pg = coug, (4)
which are the ordinary rules for the addition of matrices and for the multiplication

of matrices by numbers. Again, if the product af is represented by the matrix
(af3)py, we have by definition

(aB)y = Z Vp(aB)pg- (5)
P
But we have also (af), = a(fy,) = azwrﬁrq
= Z(Oﬂ/}r)ﬁrq = Z ¢papT67'q (6)

By equating the coefficients of v, in the right-hand sides of (5) and (6), which is
permissible since the ¢’s are all independent, we obtain

(afB)pg = Z pr Brg (7)
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Thus the matriz representing af equals the matriz representing o multiplied
by the matriz representing (3, according to the rule for matriz multiplication.
The particular arrangement of the suffixes of a,, chosen in the defining equation (2)
is necessary in order that this rule of matrix multiplication may hold. If instead
of (2) we had put

athg = Z Qgptp,
p
we should have found for the law of multiplication

(af)pg = Z Qg Bpr, (8)

which is not so convenient as (7).

Equations (3), (4) and (7) show that the properties of observables of
addition and multiplication are all faithfully reproduced by the properties of
the matrices representing them, and justify our saying that the matrices do
represent them. Matrices, like observables, satisfy all the laws of ordinary algebra
except the commutative law of multiplication.

It has been mentioned that a number may be regarded as a special case of
an observable. The matrix representing a number c has its elements c,, defined by

g = Z VpCpq

which gives Cpp = €, e =0, (p#q).

Thus the matrix representing c is a diagonal matrix, 7.e. all its elements vanish
except the diagonal ones, and further all the diagonal elements are equal to c.
We can put

Cpg = COpq,

where the symbol d,, is defined by

opp =1, Opg = 0, (p # q). (9)

The numbers 9, are the elements of the matrix representing unity, which matrix
has the property that it leaves unchanged any matrix when multiplied into it on
either the left- or right-hand side.

We shall now obtain the law of multiplication of the representatives of
an observable and a 1-symbol. Let 1 be represented by the set of numbers a,,
as according to (1), and let the t-symbol o), where « is any observable, be
represented by the set of numbers b, so that

o) = Z Uybg-
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We have from (1) ) = Z Uyt
p

= Z VqQlgplp-
Pq
Hence, equating coefficients of v, we get

by = Zo‘qpapv (10)
P

which is the required multiplication law. It suggests that we should regard the set
of numbers a, as a matrix, having rows corresponding to the various fundamental
Y’s of the representation, but having only one column. Equation (10) would then
be the law of multiplication of such a matrix with a square matrix oy,.

The correspondence that we have found between the properties of observables
and -symbols and those of their representatives, which is exemplified in
equations (3), (4), (7) & (10), allows us to take over any equation between
the abstract symbols into an equation between the representatives. Suppose,
for instance, that we are given the equation

af =y’ + ", (11)

where «,  and v are three observables and ¢, ¢’ and 1" are three states.
By equating the representatives of each side of this equation, making use of
the law (10), we obtain

Z af)pgy = qupa + a
p
where a,, a;, and a; represent 1, ¥" and 9" respectively. From (7) we now get

! "
g gr Brpap = E Vapay + ay-
pr p

Each symbol in the original equation (11) is here replaced by its representative,
occurring in the corresponding position. The suffixes are arranged according to
very simple and easily remembered rules, each consecutive pair of factors in any
term having a common suffix, the two positions of this suffix being consecutive in
the scheme of suffixes, while the suffix that occurs first in any term is the same for
every term. A summation is taken over each suffix that occurs twice in a term.
As examples of equations that can be taken over in this way may be mentioned
any of the equations between the abstract symbols occurring in the theory of
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eigenvalues of the preceding chapter. Equation (1) of that chapter, for instance,

gives
E QpgQq = Q.
q

If the matrix a,, is known, then we have here an ordinary set of simultaneous
algebraic equations for the unknowns a, and also the unknown a. Any value of a
for which these equations have a solution (not identically zero) may be called
an eigenvalue of the matrix «,,. 1f we eliminate the unknowns a,, in which
the equations are linear and homogeneous, we get the determinantal equation

Q11 —a (03P Q13
Q21 Qoo — A Qo3
31 39 Q33 — a

to determine the eigenvalues a. The eigenvalues of a matrix representing
an observable must, of course, be the same as the eigenvalues of the observable
itself.

21. Orthogonal Representations

We have not yet considered how ¢-symbols are to be represented. We can always
treat ¢’s analogously to 1’s, so that we can take any complete set of independent
@’s, ¢, say, and call them the fundamental ¢’s of a representation. If we then
expand an arbitrary ¢ in terms of them, thus

o= 4, (13)

the set of numbers a; will form the representative of this ¢. Again if « is any
observable, we can multiply it into a fundamental ¢, ¢,, obtaining a product ¢,a,
which we can expand in terms of the fundamental ¢’s, thus

Ppa = Z Qg Py- (14)

The coefficients oy, will then form the matrix that represents . It may easily be
verified that the matrix laws of addition and multiplication, equations (3), (4) and
(7), hold also for the representatives of observables in the present representation
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in terms of fundamental ¢’s. It should be noticed that the arrangement of
the suffixes in a,,, requires the coefficients on the right-hand side of (14) to occur on
the left of their respective ¢-symbols, the opposite to what it was for equation (2).
The particular arrangement of suffixes chosen in (14), like that chosen in (2),
is necessary in order that we may have the multiplication law (7), which obeys
the suffix rule, instead of the multiplication law (8).

We can in this way get a representation of observables on the basis either of
a set of fundamental ¢’s or of a set of fundamental ¢’s. The question now arises
whether a set of fundamental ¢’s and a set of fundamental ¢)’s can be such that
they both give the same representative for each observable. If this is so, we could
count them both as belonging to the same representation, so that we should
have one representation comprising representatives of both ¢’s and ¢’s as well
as observables. A necessary condition for the fundamental ¢’s and fundamental
Y’s to give the same representatives for observables is that they shall be labelled
by the same set of suffixes p,q,r, ..., which suffixes will then label the rows and
columns of the matrices. Thus to each fundamental ¢ there will be a corresponding
fundamental ¢ having the same suffix. According to the notation that we have
used hitherto, when a v and a ¢ have the same suffix they are conjugate imaginary
symbols denoting the same state, but this will now no longer hold.

We have already used the same suffixes for the fundamental ¢’s in (14) as
for the fundamental v¥’s in (2), so that we can investigate the consequences of
these equations on the assumption that the coefficients oy, are the same in each,
for every observable a. If in (14) we change the summed suffix ¢ to r and then
multiply by 1, on the right, we obtain

Ppatq = Z Qpr PrYg. (15)

Similarly, if in (2) we change the summed suffix p to r and then multiply by ¢, on
the left, we obtain

¢p04¢q = Z ¢pwrarp' (16)

The right-hand sides of equations (15) and (16) can be equal for an arbitrary
observable «, i.e. for arbitrary «,,s, only provided

Pt =0 (p#q) (17)
and Opthq = c,

where c is a number independent of p. We may without essential loss of generality
take ¢ = 1, so that we have

¢p¢p =1 (18)
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Equations (17) and (18) can be combined in the single equation

(bzﬂ/’q = 5pq~ (19)

This is the condition that a set of fundamental ¢’s and a set of fundamental ’s
may both be considered as belonging to one representation.

With the help of these conditions we can easily obtain explicit expressions for
the coefficients in the expansions. Thus to determine the coefficients a, occurring
in (1) for the expansion of an arbitrary ¢ we have

g = @q Z apthy = Z (pOpg
p p
= a,. (20)
Similarly the general coefficient a; in (13) for the expansion of an arbitrary ¢ is
a; = Qi (21)

Again, from (14) we obtain
¢pa¢r = Z apngqwr
q
= (22)

which gives explicitly the elements of the matrix representing any observable.
This result could also have been obtained from (2).

In obtaining a general representation for both ¢’s and 1’s as well as observables,
we have had to abandon the notation of a ¢ and ¢ which have the same suffix
being conjugate imaginary symbols denoting the same state, and this results in
the representation being inconvenient and not very useful. The fundamental ¢’s
and 1’s may, however, be such that each fundamental ¢ and 1 with the same
suffix are really conjugate imaginary symbols denoting the same state, in which
special case there is no need to abandon this notation. Such a representation is
a particularly useful one. It is called an orthogonal representation. The set of
states denoted either by the fundamental ¢’s or by the fundamental ’s may be
called the fundamental states of the representation. The condition (17) shows that
these fundamental states are all orthogonal to each other and condition (18) shows
that the ¢’s and 1’s representing them are normalized.

The vector picture of ¢’s and ’s provides us with a simple geometrical
interpretation of an orthogonal representation. In this vector picture each
¢-symbol and the conjugate imaginary 1)-symbol are to be pictured as conjugate
complex vectors. We can without inconsistency suppose that each fundamental ¢
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and the conjugate imaginary fundamental ¢ of an orthogonal representation are
to be both pictured by the same real vector. Condition (17) now shows that
these real vectors are all mutually perpendicular and condition (18) that they
are each of unit length, so that they form the basis for a rectangular Cartesian
system of co-ordinates. The numbers representing an arbitrary ¢ or ¢ are now
its co-ordinates in this system. Since the system of co-ordinates is real, a ¢ and
the conjugate imaginary 1, pictured as conjugate complex vectors, should have
conjugate complex co-ordinates, and thus they should be represented by conjugate
complex sets of numbers. It is easily verified, by comparing equations (20) and (21),
that this is the case. Thus a state is represented by the same set of numbers
whether it is denoted by a ¢ or a v, apart from an uncertainty in the sign of 7.

If «v is a real observable, then from equation (22) we find that the elements of
the matrix representing it satisfy

Qpr = Qirp

in the case of an orthogonal representation. A matrix for which this condition
holds is called Hermitian. If in addition all the matrix elements are real, we have
Qpr = Qpp, G.€. the matrix is symmetrical. From (22) we also find that a diagonal
element oy, is equal to the average value, according to §11, of the observable for
the corresponding fundamental state 1,. If o is not a real observable, then its
conjugate complex observable @, defined in §10, has matrix elements to represent
it, given by

Oy = - (23)

The matrix @,, may be called the conjugate complex matrix to ay,.

22. The § Function

We have assumed throughout the above investigation of representations that
the number of fundamental v’s, if not finite, is at most infinite enumerable, so that
each of them can be labelled by a suffix p taking only a discrete set of values.
For most dynamical systems of interest this condition is not fulfilled, the total
number of independent states being infinite and equal to the number of points on
a line. In such cases we must label each of the fundamental ¢’s by a suffix p that
can assume any value in a certain range. The condition (1), which expresses that
any 1 is a linear function of the fundamental 1/’s, must now be rewritten with
an integral instead of a sum, thus

Y = /apwp dp. (24)
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The domain of integration is to be understood to be the whole range of p used for
labelling fundamental ¢’s. The coefficients a, form a function of the continuous
variable p.

It is not strictly true that every ¢ can be expressed in the form (24) when
the coefficients a, are restricted to be finite, which is, of course, implied when
one says they form a function of the continuous variable p. An example of
a 1 that cannot be expressed in this form is one of the fundamental ’s, 9,
say, itself. Another example is 0v,/Jdq when 1), involves the parameter ¢ in
a manner sufficiently continuous for this differential coefficient to exist. It would
be inconvenient if throughout the subsequent theory we were continually being
reminded of the fact that there are exceptional ¢’s which cannot be expressed in
the form (24). We get over the difficulty by allowing infinities of certain types
to occur in the coefficients a,, which enables every 1 formally to be expressed in
the required form. This is analogous to the device sometimes used in geometry,
of avoiding the exception of parallel lines to the rule that two straight lines always
meet in one point, by saying that parallel lines meet in a point at infinity.

We observe that those that are not of the form of the right-hand side of (24)
with finite a,, can always be regarded as limits of ¢’s that are of this form. We can,
for instance, express 1), by

)y = lim apnp dp,

n—oo

where the coefficients a,, satisfy

lim [ a,,dp =1,

n—o0

lim a,, =0, (for p # q).

n—o0

As one approaches the limit, a,, becomes a function of p which vanishes for all
values of p except those very close to ¢ and which is so large for values of p in
the immediate neighbourhood of ¢ that its integral is unity. We can now say
formally that

Vg = /apwp dp, (24)
where a, = nh_{l;)lo Q.-

This a,, we can say, is an improper function of the variable p, having the value
zero for all values of p except ¢ and the value infinity for p = ¢, the infinity being
such that its integral is unity. It is thus a function of the two variables p and ¢
which depends only on their difference, so that we can put

ap = 5(]7 - Q>7 (25)
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where the improper function d(z) is defined by

/OO dz)dz =1
d(z) =0 (for x #0).

The introduction of the ¢ function into our analysis will not be in itself
a source of lack of rigour in the theory since any equation involving the J
function can be transcribed into an equivalent but usually more cumbersome
form in which the 0 function does not appear. The ¢ function is thus merely
a convenient notation. The only lack of rigour in the theory arises from the fact
that we perform operations on the abstract symbols, such as differentiation and
integration with respect to parameters occurring in them, which are not rigorously
defined. When these operations are permissible, the ¢ function may be used freely
for dealing with the representatives of the abstract symbols, as though it were
a continuous function, without leading to incorrect results. We can, in fact, even
give a meaning to the ¢ function of an observable, provided it has a continuous
range of eigenvalues, by means of the general definition of §15.

Certain elementary properties of the ¢ function, which are deducible from, or at
least consistent with, the definition, should be noted, namely,

5(—) = 3(),
N zé(x) =0 (26)
and / f(@)d(z —a)dx = f(a), (27)

where f(x) is any continuous function of x and a is any number, and the range
of integration is any range through the point a, the limits oo and —oo being put
down merely for definiteness. Thus the operation of multiplying by d(x — a) and
integrating with respect to z is equivalent to the operation of substituting a for x.
This is still true when the operation is applied, not to an ordinary function f(z)
of z, but to a ¥-symbol or an observable involving the parameter x, provided it is
reasonably continuous in x. We are, in fact, making an application of this rule,
with the ¢-symbol v, for f(z) and the number ¢ for a, when we assert that (24)
holds with a, defined by (25). A further property of the § function is

/_00 d(a—z)dxd(x —b) =d(a—0). (28)

To prove this relation we regard the left-hand side as a function of the number b
and put it equal to F'(b). We see at once that F'(b) = 0 if b is not equal to a, and
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/ZF(b)db :/Zé(a—x)dx /Zé(x—b)db

o)

:/ Sa—a)dx = 1.

o0

also we have

Thus F(b) satisfies all the conditions that define 6(b — a) and may hence be put
equal to 0(b — a) or 6(a — b). Equation (28) would have been obtained from
equation (27) if for f(z) we had substituted the improper function é(x—b). This is
an example which illustrates how a ¢ function may be used as though it were a
continuous function without leading to incorrect results.

In order to put 0v,/0q in the form of the right-hand side of (21) it is necessary
to use the derivative ¢'(z) of the function d(x). This derivative is, of course, an even
more discontinuous and improper function than 6(x) itself, but in many cases it
can also be used freely as though it were a continuous function of  without leading
to incorrect results. It has the elementary properties

§(—x) = —d(x),
N zd'(x) = —d(x) (29)
and /_ F(@)8 (x — a) de = —f'(a), (30)

for any differentiable function of z, which may be a -symbol or observable
involving x as a parameter. The second and third of these relations may be
obtained by differentiating (26) with respect to x and (27) with respect to a
respectively. The third one may also be verified by an integration by parts, thus

[ s a = s -0 - [ @i -ad
- f@

from (27). A further property is

/ 8 (a—x)dxd(x —b) = (a—b), (31)
which may be obtained by differentiation of (28) with respect to a. It may also be
obtained from (27) if one puts b for a and then takes §'(a —z) for f(x), and is then
an example of how the ¢’ function may be used as though it were a continuous
function.
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If for f(z) in (30) we put v, p being the variable instead of x, and if we put
q for a, we get

/ U8 (0 — ) dp = —04,/0g.

This shows that 0v,/0q may be expressed in the form of the right-hand side of (24)
with —d'(p — ¢) for a,. By making use of higher derivatives of the § function, one
can express 0%1,/9¢*, 9*,/0q*, &c., also in this form.

23.Case of a Continuous Range of Fundamental States

We can now generalize the theory of the representation of states and observables
to apply to systems for which the number of independent states is equal to
the number of points on a line. The ¢ on the left-hand side of (24) will be
represented by the numbers a,, that occur as coefficients on the right-hand side,
or by the function a, of the continuous variable p. Also if « is any observable,
corresponding to (2) we can expand a1, in the form

pg = /1% dp ayg, (32)

where the «,, are numbers, and these numbers, which form a function of the two
continuous variables p and ¢, will then represent the observable . It is sometimes
convenient to call this function of two variables a matrix, in order that one may use
the same words in talking about the case (32) as about the case (2). The number
of rows and columns of such a matrix is equal to the number of points on a line.
Corresponding to the multiplication law (7), we now have

(aB)pg = /O‘m dr Brq, (33)

which may be proved in an analogous way. Similarly, corresponding to (10),
we now have that the function b, of p representing a1 is given in terms of a,,
that representing ), by the relation

by = /aqp dpay. (34)

If we regard the number c as an observable, its representative c,,, will,
by definition, be given by

Chg = /%) dp Cpg, (35)



23. Case of a Continuous Range of Fundamental States 65

so that Cpg = CO(p — q). (36)

The matrix representing unity is now that whose general element is d(p — ¢) and
it still, of course, has the property of leaving unchanged any matrix when multiplied
into it on either the right- or left-hand side. If we compare these results with
the corresponding ones for the case of discrete fundamental v’s, we see that the only
difference is that the two-suffix d-symbol, defined by (9), is replaced by the ¢
function of the difference of the two suffixes. It is a general rule that the two-suffix
0-symbol is always to be replaced by the ¢ function in this way when one passes
from the case of sums to the case of integrals.
The connexion between the fundamental v’s and the fundamental ¢’s of
the same representation now
Pptq = 0(p — q), (37)

which is obtained from (19) by replacing the two-suffix d-symbol according to
the rule. This condition (37) implies that ¢,1, is infinite. Thus the law of §8 that
any ¢-symbol can be multiplied into any ¢-symbol, giving a number as product,
must be relaxed to allow the possibility of the product being infinite.

When each fundamental ¢ and fundamental 1 with the same suffix are
conjugate imaginary symbols denoting the same state, we have, as before,
an orthogonal representation. We shall now consider the meaning of equation (37)
for an orthogonal representation. This condition (37) may be split up into the

two conditions
prqu)q =0 (p ?’é Q)a (38)

/Cbp@bq dp = 1. (39)

The first of these, corresponding to (17), again expresses that any two fundamental
states are orthogonal. The second, corresponding to (18), is sometimes taken as
the definition of the normalization of ¢, when the suffix ¢ labelling the independent
states 1), takes on a continuous range of values, instead of the condition ¢, =1,
which would now be mathematically useless, as it would require the ¢’s and ’s
in (37) to be all multiplied by infinitely small coefficients. If, however, one changes
the definition of normalization in this way, one must remember that the laws
for the physical interpretation of the theory hold only for the old definition.
The general law given at the end of §11, that ¢,a1), is the average value of
the observable o for the state v, provided ¢, = 1, is of universal applicability,
for the continuous as well as for the discrete case. 1t is true that for the continuous
case ¢ ap, will in general be zero when ¢,1, = 1, but, as the applications of
the theory will show, this is what the physics then requires. Only the ratios of
the averages of different observables are then of interest, and for the calculation of
these the normalizing condition (39) is useful.
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With the help of (37) we obtain from (24)

ba = b, / 4ty dp = / a8(p — q) dp = ay, (40)

by making an application of (27).  This result, corresponding to (20),
gives explicitly the coefficients on the right-hand side of (24) representing 1.
The conjugate imaginary ¢ is represented by the numbers a; = ¢1),, corresponding
to (21), which are the conjugate complex numbers to a, in the case of an orthogonal
representation. Again, from (32) we obtain

oy = / bty dp i = / 5(r — p) dp g = oy (41)

which, corresponding to (22), gives explicitly the elements of the matrix
representing . We no longer, however, have the result that a diagonal element
ayq is for an orthogonal representation the average value of o for the state 1,
since the normalizing condition (37) which is here used is not the correct one for
physical interpretation. This result would give, if, for example, we took a equal to
unity, the value 6(q — q) = oo, whereas the average value of unity must of course
be unity.

24. The Weight Function

It is sometimes convenient to modify equations (24) & (32), which define
the representatives of a state and observable, by the introduction of a weight
function. We can take any function p, of the variable p which is defined throughout
the range of p used for labelling the fundamental states and which has no zero

values, and put instead (24) & (32)
Y= /apwppp dp, (42)

ay, = /wppp dp 0. (43)

We can now consider the new coefficients a, and «,, to be the representatives
of the state and observable. This does not give any essential generalization of
the theory of representation, since the new representatives are connected with
the original ones by very simple relations. It is merely a device which is convenient
in certain applications of the theory, usually for increasing the symmetry
of the equations, or for making more direct the physical interpretation of
the representatives which will be given in §28. We could, of course, adopt the same
device in the case of a discrete set of fundamental states, but there do not seem
to be any examples for which it is then of any value.
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When the weight function p is introduced it must appear, not only in
the expansions (42) & (43), but in all formulas which involve an integral over
the parameter p that labels the fundamental v’s, e.¢. in the multiplication law for
two observables, equation (33), which becomes

(aB)pg = /aprpr dr Brp,

and in that for an observable with a v, equation (34), which becomes

by = /O‘qppp dp ap.

Again, the number ¢, regarded as an observable, is no longer represented by
the right-hand side of (36), since instead of (35) we now have

g = / VpPp AP Cpg,
which gives Cpg = Cp;15(p —q) = Cpq_lfs(]? —q).

The unit matrix is thus changed from §(p — ¢) to p,'d(p — ¢). This suggests that
equation (37) should be changed to

Ppthg = P;lfs(p —q), (44)

a conclusion which is confirmed when one notes that the normalizing equation (39)
must be changed to

/¢p¢qpp dp = 1. (45)

We can now see what changes must be made in the representatives of states
and observables when the weight function is introduced. If we multiply the ¢, and
1, of equations (37) and (38) by pzj%, they will then satisfy equations (44) and (45).
We must then multiply the a,, of equation (24) by p, % in order that it may satisfy
(42) and the ay, of equation (32) by (p,p,)~2 in order that it may satisfy (43).
These results are particular cases of the general rule that any symbol involving
the suffixes p, g,... gets multiplied by (p,p,...)"* when the weight function is
introduced. From this rule one can see the necessity for the insertion of the factor
pp in every integral with respect to the variable p, when one bears in mind that
the integrand must contain the suffix p twice.

25. General Case of Representation

In most of the applications of quantum mechanics the atomic system dealt with
has a still larger number of independent states than we have hitherto considered.
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The fundamental states of a representation can then be labelled conveniently only
by means of several suffixes py, p2,..., p,, which can take on any values within
a given domain of the n-dimensional p-space. The generalizations which must now
be made in the preceding theory are quite obvious. We must have, for instance,
instead of (24) and (32), the expansions

P = // e Oprpy. Upips.. A1 dpa ..., (46)
Wgygo... = / e Vpipo.. AD1 dP2 - Qpipy gigo..- (47)

A state v is now represented by a,,,,.. a function of the n-variables py, po, ...,
and an observable a by ;.. .q1q.... ‘Matrix’ whose rows and columns are both
labelled by these same variables. The t-symbol 1,4,.., one of the fundamental
states, is represented by

d(p1— q1)0(p2 — @2) - - - 6(Pn — @) (48)

as may easily be verified by substituting this expression for a,,,,. . in (46) and
carrying out the integrations one by one with the help of (27). It is always this
product (48) that replaces the d(p — ¢) of the one-dimensional case. In the same
way the 1-symbol

0
qu“p"' (m = 1, 2, e ,n)

is represented by

—6(p1—q1)6(p2—q2) - - - 5(pm—1_Qm—l)él(pm_Qm)é(pm-‘rl_Qm-‘rl) o 0(Pn—an), (49)

as may easily be verified with the help of (30). This expression differs from (48),
apart from the minus sign, only in the m-th factor.

We must make a still further generalization in order to include all the cases
of representation that occur in practice, namely, we must allow both sums and
integrals to occur together. In the one-dimensional case, for instance, we can have

Y= appp+ / ayyp dp (50)
-

The discrete set of numbers ap together with the continuous set a, now
represent the state 1. They may be considered as a function of a variable
whose domain consists of a continuous range together with some discrete points.
In the many-dimensional case we can have sums for some of the variables and
integrals for others. The general rule applying to every case of representation is



25. General Case of Representation 69

that a state is represented by a function whose domain is such that every point
of it corresponds to one of the fundamental states. There is no restriction on
the number of points in this domain or on their arrangement in the p-space
that labels them. Thus the domain may consist of discrete points together
with a number of continuous regions each having any number of dimensions.
An observable is represented by a matrix whose rows and whose columns are
in one-one correspondence with the points of this domain.

The equations of our previous theory of representation can all be taken over
without difficulty, but cannot very well be written down in a form that includes
all cases without an elaborate notation. We shall therefore take simply the case
when (50) holds as an illustration. Corresponding to (2) and (32), we now have,
for the definition of the representative of an observable,

avg =Y vrarg + [ty dpasa
F (51)

a, = prapq + /wp dp Qpg.
P

There are thus four kinds of coefficients in the representative of an observable,
typified by apg, a0, ap, & a,, corresponding to the different cases of discrete or
continuous values for the suffixes. Again, corresponding to (7) and (33), we now
have for the multiplication law for the representatives of observables,

(aB)pg =Y aprfro+ /Oépr dr B,
R

(O‘ﬁ)PQ = Z O‘pRﬁRQ + / Qpr dr ﬁrQ;
R

(aﬁ)Pq = Z aprBrq + /aPr dr By,
R

(aﬁ)pq - Z apRﬁRq + /a/pr dr qu~
R

In each case there is a sum over R and an integral over . The conditions (19) and
(37) become

¢P¢Q = 5PQ7 ¢pr = 07
opthy =0, Ppthg =06(p — q).

These examples are sufficient to show how each equation is to be interpreted in
any of the various kinds of representation that may arise.
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We can make a final generalization by introducing a weight function in
the general case. This weight function p may be an arbitrary function of the
variables p,, that label the fundamental ¢’s, provided it never vanishes. It will
always appear along with the differentials dp,, in any integration and will also
appear, to the power of —1, in the unit matrix.
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26. Eigenstates as Fundamental States of
a Representation

IN the preceding chapter the idea of a representation of the abstract symbols
was introduced and was treated entirely from a general mathematical point
of view, the representatives being like co-ordinates of the symbols referred to
a general co-ordinate system. We must now consider particular representations,
i.e. co-ordinates referred to particular co-ordinate systems, which must be
singled out and specified in a certain way. We shall find, incidentally, that
our representatives now often have direct physical interpretations. We shall
be concerned here and throughout the future work only with orthogonal
representations.

An orthogonal representation is built up on the basis of a complete set of
orthogonal states, forming the fundamental states. Such a set of states is obtained
most easily with the help of the theory of eigenvalues of Chapter III. If we take
a set of real observables that all commute, their simultaneous eigenstates form
a complete set and any two belonging to two different sets of eigenvalues are
orthogonal. If the set of commuting observables is a complete one, then, as
shown in §17, there is only one eigenstate for each set of eigenvalues, so that
the eigenstates must now all be orthogonal. These eigenstates can therefore be
taken to be the fundamental states of a representation. Each of them is associated
with one set of eigenvalues, which may conveniently be used for labelling it, instead
of the arbitrary suffixes p,, of the preceding chapter, which have no physical
meaning. Thus if the commuting observables are &, &, ..., &, and if we denote

"

the eigenvalues of &, by £, ... afundamental ) may be written (& & ... &),
or simply ¥(¢’) for brevity. In the same way a fundamental ¢ may be written ¢(&”).
The fundamental ¢ that is conjugate imaginary to ¥ (£') will be ¢(¢’).

The notation of primes and multiple primes to denote the eigenvalues of
an observable is very convenient and will be used generally in the future. A new

notation for the representatives of states and observables will now be introduced,

71
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which will greatly increase the symmetry in our equations. A general i-symbol
1 is represented by a set of numbers, each of which is associated with one of
the fundamental ¢’s and thus with one set of eigenvalues. That particular one of
the set of numbers which is associated with the eigenvalues &7, &, ..., &, will be
written (£1&5 ... &,]), or (¢'|) for brevity. When it is necessary to particularize
the y-symbol by a suffix, k£ say, we can insert this suffix in the representative
of ¢y to the right of the vertical line, thus (£1&; ... &, |k) or (£'|k). The reason
for this notation is that, as we shall see later, there is a remarkable symmetry in
the way (£'|k) involves the set of numbers &', referring to one of the fundamental
1’s, on the one hand, and the parameter k& which specifies the ¢ that is being
represented, on the other. This symmetry is exactly expressed when one puts
the &’s and the k to the left and right respectively. In a corresponding way
we shall write the representative of a general ¢-symbol as (|¢') and of a particular
one, ¢, as (k[¢'). For the representative of an observable «, we shall write
the matrix element o, associated with the fundamental states 1), amd 1,
as (&1& ... & lalgr el ... &), or as (&'|al€”) for brevity, where the &’s and £"’s
are the eigenvalues belonging to the fundamental states 1, and 1, respectively, or
(&) and ¥(£”), as they would be written in the new notation.

Some of the equations of the preceding chapter will now be written in the new
notation to illustrate how it runs. Equations (3) and (4) become

(&'or+ BIE") = (lel€”) + (£'1BIEY),
(€'lcal”) = c(€'lalg”).

Equation (1) or (24), defining the representative of a ¢)-symbol, becomes, if we take
for definiteness the case when each of the £ ’s has a continuous range of values,

b= / B(E) de' (€)), 1)

where d¢’ is short for the product d&jd&,...d¢), and only one integral sign is
written to denote integration over all these variables. It should be noted how,
when one puts the d¢ in the proper place, all the £”’s in (1) occur together. This
is the new form of the suffix rule given near the end of §20. Equation (2) or (32)
of the preceding chapter, defining the representatives of an observable o, becomes
in the same way

ath(€") = / B(E) dE (€ale"). (2)

Again, the multiplication law for the representatives of two observables,
equation (7) or (33), becomes

(El‘a6|£//) — /(é—/‘algll) dé—/// (£///|ﬁ|€//>
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and that for the representatives of an observable and a 1), equation (10) or (34),
becomes

(€1) = / (€ale") de” (€"]1). 3)

where k specifies the ¥-symbol v, and [ specifies ¥, = a1,. The conjugate complex
« of an observable « is now represented by

(&'falg”) = (&"]alg’) (4)

corresponding to (23), and the representatives (¢'|) and (|¢') of a ¢ and its
conjugate imaginary ¢ are conjugate complex quantities.

The representation we are now considering is built up from a number of
commuting observables &, &, ..., &,, whose simultaneous eigen-1)’s are taken as
fundamental ’s. Let us determine how one of these observables, &, say, is itself
represented. Putting ¢, for a in (2), we get

Entb(€") = / B(E) dE (€)Enle"). (5)

But since 1(£”) is an eigen-1 of ,,, belonging to the eigenvalue £/ we have

Entb(E") = E1ap(E") = / (€ dE'E6(¢ — ¢) (6)

where (&' —¢") is short for the product 0(& —&)d(&,—¢&Y) ... 6(&, —E). Equating
coefficients on the right-hand sides of (5) and (6), we obtain

(§'18ml") = §n0(8" =€) (7)

This, of course, is equal to £7d( — £") and is therefore symmetrical between the
singly and doubly primed symbols.

If the £’s take on discrete sets of values instead of continuous ranges, we should
obtain instead of (7)

(&1&m1€") = &nderer,

where dger is short for the product dgendgey ... O¢ren. Thus the observable &, is
represented by a diagonal matriz, whose diagonal elements are its eigenvalues £,.
A diagonal matrix, in the case of continuous ranges of rows and columns,
may conveniently be defined as one whose general element (£, ¢") involves the ¢
function 0( — ¢”) as a factor, like the right-hand side of (7), and the coefficient
of the 0 function may be defined as the general diagonal element. With these
definitions the above law in italics for the representative of &,, holds in all cases.
The appropriateness of this definition for a diagonal matrix in the continuous
case rests on the fact that, as is easily verified, it makes two diagonal matrices
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always commute, which is one of the most important properties of diagonal
matrices in the discrete case. For this reason it would not be sufficient to define
a diagonal matrix in the continuous case merely as one whose general element
(&',¢") vanishes except when the {"’s differ infinitely little from the £”’s.

If f(&) is any function of the ¢’s, then its representative is found to be,
by a similar argument to that leading to (7),

(1 ©IE") = f(£)d(& = &) (8)

The coefficient f(£') must, of course, have a meaning since the function f must
be defined for each of the eigenvalues of the £’s. Thus the representation
based on the simultaneous eigen-1’s of a set of observables as fundamental ’s
is such that the representative of each of the {’s and of any function of them
is a diagonal matrix. Conversely, every diagonal matrix in this representation
represents a function of the £’s, this function being specified by the general diagonal
element (¢',¢") regarded as a function of the variables &'.

Thus if we take any set of observables that commute, there will exist
a representation in which each of these observables simultaneously is represented
by a diagonal mairiz. If the set of observables is a complete one, then
the representation will be completely determined by these observables, except
for arbitrary phases which arise from the fact that a simultaneous eigen-i of
these observables may be multiplied by any numerical factor of modulus unity
without any of the conditions defining it being invalidated. For example, we can
multiply each (&) by exp[—if(¢')], where f(¢') is an arbitrary real function of
the &’s. This will require every representative of a state, (£'|), to be multiplied by
exp —if(£') and every representative of an observable, (&'|«|¢”), to be multiplied
by expil[f(£') — f(£")]. A diagonal element (¢'|r|¢’) remains unaltered by this
transformation, as is necessary on account of its having the physical meaning of
an average. The arbitrary phases which thus arise in the representatives are usually
unimportant and trivial, so that we may count a representation as being completely
determined by the observables that are diagonal in it. This fact is already implied
in our notation, since the only indication in a representative of the representation
to which it belongs are the letters denoting the observables that are diagonal.

The representations considered in this section, in which each fundamental
1 is a simultaneous eigen-i) of a set of real commuting observables, are not of
a special kind, since every orthogonal representation has this property. In fact,
if we take any representation, having v,,1,, ... as fundamental v’s, we can then
form any diagonal matrix whose general element &, is of the form a,é6(p — q),
where a, is a real function of p, and consider this diagonal matrix as representing
an observable £. This observable will be real if the representation is orthogonal.
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We shall then have
§g = /wp dp&pq = /wp dpapc5(p —q)= gy,

so that each fundamental v, 1,, is an eigen-y) of . In the many-dimensional
case, when several suffixes p or ¢ are required to label a fundamental v, we can
take several diagonal matrices and each will represent an observable £ for which
the fundamental ¢’s are all eigen-1)’s. We can obtain in this way a sufficient number
of observables ¢ having the fundamental ¢’s as eigen-1’s to form a complete set.
The notation and methods of the present section can then be applied.

27. Canonical Transformations

If we take two representations, based respectively on the fundamental ¢’s ¥(&'),
which are the simultaneous eigen-i’s of a set of commuting observables &,,,
and the fundamental ¥’s 1(n), which are the simultaneous eigen-1’s of a set of
commuting observables 7,,, then an arbitrary ¢ will have the two representatives
(¢']) and (7'|), which are functions of the sets of variables & and 7/ respectively.
Since a v is completely determined by its representative in any one representation,
there must be a connexion between the two representatives (£'|) and (7/]) such
that either is determined by the other. We shall now investigate the form of
this connexion.

From the definition of the representative (1'|) we have, if we take for definiteness
the case of integrals,

o= / ) dif (). (9)

Now each fundamental ¢ of the n-representation, w(n'), will itself have
a representative in the &-representation. We may write this representative (&'|r),
with 7" on the right to show which 1 it represents. We shall then have

b = / (€ de (€l (10)

for the definition of (&'|n). Substituting this value for ¢(n) in the right-hand side
of (9), we get

9= / / B(E) dE () df (o),

which gives, on comparison with equation (1) which defines (¢']),

€)= [ €l an o). (1)
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This is the transformation equation which gives the &-representative of a ¢-symbol
in terms of its n-representative. The corresponding equation which gives (7/|) in
terms of (£'|) may be shown in the same way to be

o) = [ 6l ag' €)). (12)

where (7|¢’) is the representative of the fundamental 1, (¢'), in
the n-representation.

The two representatives (£|) and (r/'|) are thus linear functions of one another.
The expressions (£'|n') and (7/|¢") which enable us to pass from one to the other
will be called transformation functions. They are each functions of the two sets of
variables ¢ and n/. We can obtain an explicit expression for (¢'|n’) by multiplying
equation (10) by ¢(&”) to the left, a process* corresponding to that used for getting
equation (40) of the preceding chapter. The result is

&) = (& )p(n). (13)

Similarly it may be shown that

('18") = () v (&) (14)

Hence (£'|n) and (7|¢’) are conjugate complex quantities.

The transformation functions must satisfy certain conditions in order that (11)
and (12) may be consistent. If we substitute for (n/|) in (11) its value given by
(12), we get

€)= [[€tmran arigy agr ¢,
But we have also

@D=/&€—8M8@W-

Since these equations must hold for an arbitrary function (£”]) of the variables £”,
we can equate the coefficients of ({”|) on their right-hand sides. This gives

/ () dof (i |€") = 5(€ — &), (15)

An alternative way of obtaining this result is to apply equation (11) to
the t-symbol (£”). Since the n-representative of this i-symbol is (1/[£"),
the right-hand side of (11) becomes [(¢'|n) dn’ ('|€”), while the left-hand side

*that different eigenstates are orthogonal
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becomes the &-representative of ¢(£”), which is, of course, §(&§ —¢”). The equation
corresponding to (15) in which £ and 7 have changed places, namely,

o1y dg €y = st =) (16

may be similarly obtained. Equations (15) and (16) are the only conditions which
the transformation functions must satisfy identically. They are of the nature of
orthogonality and normalization conditions.

The transformation of the representatives of ¢-symbols may be treated in
the same way. We should then find, for instance, the equation

() = / (1) de’ €y)

as the transformation equation which gives the representative (|') of an arbitrary
¢-symbol in terms of its representative (|¢’), where the quantity (¢'|n) is now
defined as the n-representative of the fundamental ¢, ¢(£’), i.e. by the equation

b(E) = / ) dof ().

If we multiply this equation by ¥ (n”) on the right, we obtain, as an explicit
expression for this (£'|n),
o(E)w(n") = ("),

which is the same as (13). Thus this quantity (£'|n’), defined as the n-representative
of ¢(¢'), is the same as our previous one defined as the {-representative of
1(n'), so that our notation of using the same symbol for them both is justified.
The symmetry which thus exists in the way the quantity (¢'|n) involves the ¢”’s and
71"’s is the same as that which was referred to in the preceding section when the new
notation for the representative of a state was introduced, since any representative
(&'|k) of a specified ¥-symbol 1), when suitably normalized, may be regarded as
the transformation function connecting the &-representation with a representation
in which vy is one of the fundamental states.

Owing to the arbitrary phases occurring in representations, there will
be a corresponding amount of arbitrariness in the transformation functions.
If the fundamental states ¥(£'), ¥(n') are multiplied by exp|[—if(£')], exp[—ig(n')]
respectively, f and g being arbitrary real functions, the transformation function
(&'|n') will get multiplied by exp{—i[f(¢) —g(n')]}. Thus the modulus of
the transformation function is quite definite, the indeterminacy being only in
its phase.

The connexion between the representatives of an observable « in the two
representations may be easily obtained in a variety of different ways. We can,
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for instance, use the explicit expression for the representative of o given by
equation (41) of the preceding chapter. Applying this to the &-representation,
we get

(€'lale”) = P(€)ar (")

If we now substitute for the right-hand side, which consists of the product of three
abstract symbols, their representatives in the n-representation, we get

(ale") = / / € dof (o oli”) d” (" [E"), )

which gives the &-representative in terms of the n-representative. Similarly we may
obtain the result

flali’) = [ [ 6116 ag' € ale” de” €. (19

giving the n-representative in terms of the E-representative. These are
the transformation equations for the representatives of an observable.
Either representative is a linear function of the other, and the same transformation
functions are required for passing from one to the other as for the representatives
of states.

If we now take a third representation, ( say, we shall have transformation
functions (¢'|¢’),(¢'|("), connecting it with the {-representation, and transformation
functions ({’'|n'), (7'|¢"), connecting it with the n-representation. There are simple
relations between the transformation functions. Equation (13), with ¢ instead of
7, gives us

(€I = (€)Y ().
If we substitute for the right-hand side, which consists of the product of two
abstract symbols, their representatives in the n-representation, we get

(€]¢) = / () dn (71C") (19)

The conjugate complex equation, which could be deduced independently in
the same way, is

(¢ = / () dof (7€), (20)

Equations (19) and (20) give the &, ¢ transformation functions in terms of the &,
n and 7, £ ones.

If we multiply equation (17) by d&”(£"|n"), putting the new factor on
the right-hand side of each term in order to maintain the ‘fluency’ of the notation,
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and integrate with respect to £”, we obtain
Jeialenag € = [[[ €y ar aialy ant arien e €
= //(é’ln’) dn' (flaln”) dn” 6(n" — n")

with the help of (16). Hence

/ (€ale”) de” (€"]n") = / (€)1 dof (o |aln™). (21)

We shall call either side of this equation (¢'|a|n”) and consider as it
the representative of the observable a in a mized representation (§,n). It is, in fact,
a matrix sufficient to determine the observable o and differs from the representative
matrices we have previously considered only in that its rows and its columns refer
to two different sets of fundamental states and are therefore no longer in one-one
correspondence with each other. The representative matrices of two observables
in mixed representations can be added provided they are both in the same mixed
representation, i.e. we have

(la+BIn") = (Elaln’) + (E18I).

Also they can be multiplied if they are in two different mixed representations
such that the columns (specified by the letter on the right-hand side) of the first
factor refer to the same set of fundamental states as, and are thus in one-one
correspondence with, the rows of the second, i.e. we can multiply (£'|a|n’) into
(n'|8]¢") to give a product

(€]aBlC’) = / (Eali) dif (151C).

It should be noticed that the representative of unity in the mixed
(&, n) representation, i.e. (¢/|1]r)), is just the transformation function (¢'|r) itself,
as follows at once from the definition (21). The terms ‘diagonal matrix’ and
‘diagonal element’ of course have no meaning when applied to representative
matrices in mixed representations. Again, the representatives of the &’s and
n’s themselves in the mixed (&, n) representation are given by the following
expressions, as is easily verified by using the left- and right-hand sides of (21)

respectively:
En(El), }

(&'1&mln’)

(€ ) 22

(&)1
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These representatives are thus expressible directly in terms of the transformation
function.

The equations of this section have all been written down for the case when
the parameters &', 1/, ..., labelling fundamental states take on continuous ranges
of values. The necessary modifications to be made when some or all of them take
on discrete sets, or both discrete sets and continuous ranges, of values are obvious.
If in one representation & the £”’s take on, say, continuous ranges of values, then it is
not necessary that in another representation 7, applying to the same dynamical
system, the n"’s should also take on continuous ranges of values, although if in one
representation the number of fundamental states is finite, then it must be the same
in any other representation.

The transformations here discussed from one representation to another may
be called canonical transformations. One must take care not to confuse
them with contact transformations, defined in §19, as was frequently done in
the earlier literature on quantum mechanics. The two kinds of transformation
are mathematically of the same form, as one sees if one writes the canonical
transformation equations (17) and (18) symbolically with S and S~ for
the transformation functions (¢'|n’) and (7|¢’), but they have quite different
meanings. The canonical transformation is a transformation from one
representation of observables to another representation of the same observables,
while the contact transformation is a transformation from one set of observables
to another different set of observables. For the contact transformation the new
observables are connected with one another by the same algebraic and functional
relationships as the original ones, while the corresponding results for the canonical
transformation merely express the condition that the new representatives are
entitled to be called representatives of the same observables. The contact
transformation has its analogue in classical mechanics, as has been already
mentioned, but the canonical transformation, which is the more important one
in quantum mechanics, has, of course, no such analogue, since in the classical
theory we do not deal with representations.

28. Probability Amplitudes

Suppose observations to be made of each of a set of commuting observables &,
when the system is in a given state ¢. The probability of any given set of
results being obtained is equal to, according to §18, the square of the modulus
of the corresponding coefficient in the expansion of ¢ (which is assumed to be
normalized) in terms of normalized simultaneous eigen-1)’s of the observables &,,.
If the observables &,, form a complete set, there will be only one simultaneous
eigen-1) for each set of eigenvalues &/ and the coeflicients in the expansion of
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will form a representative of 1, denoted by (£'|). The probability of the set of
results & being obtained now becomes |(¢'])|*. There is thus a physical meaning
for the &-representative of any normalized v, or at least for the modulus of this
representative, in terms of the probability for a given result being obtained for
a maximum observation consisting in measuring the complete set of observables &,,,.
The same physical meaning can, of course, be given to the representative of
any normalized ¢, which is just the conjugate complex of that of the conjugate
imaginary .

Take now the case when ) is one of the fundamental ¥’s, ¥(n’), of another
representation 7. The probability of the results £ being obtained is now given
by |(€'|n)) i.e. by the square of the modulus of the transformation function.
But the state (n) is the one for which the observables 1 certainly have
the values 7. Thus |(&'|7/)|* gives the probability of the observables & having
the values & when the n’s are known to have the values 7. For this reason
the expression (£'|n)) is called by Pascual Jordan a probability amplitude. There is,
as we saw in the preceding section, an uncertainty in its phase, but its modulus is
quite definite. The square of its modulus is an ordinary probability. Since

(€1 = €1 )@1€") = (1€

we have the reciprocal theorem, that the probability of the &s having the values
& when the n's are given to have the values 1’ is equal to the probability of the n’s
having the values ' when the £'s are given to have the values £'.

When the £”’s take on continuous ranges of values, then, as mentioned in §23,
the fundamental ’s of a representation must be multiplied by an infinitely small
numerical coefficient in order that they may be properly normalized for the purpose
of physical interpretations. Further, the theorem of §18 that we have just used,
giving probabilities in terms of the coefficients of an expansion, is no longer true
when the expansion consists of an integral. For these reasons the expression
we have obtained for the probability of the &’s having particular values for a given
state does not hold in the continuous case. But in the continuous case in practice
we need to know only the probability of the s having values lying within specified
ranges. The probability of their having particular values is zero, as could be
deduced formally from the theory. The connexion between the probability for
the state 1 of the &’s having values lying within small specified ranges and
the representative of 1, when the fundamental 1)’s are normalized in accordance
with equation (37) or (39) of §23, will now be obtained. The method used will be
to obtain the case of continuous £’s as a limiting form of the case of discrete £’s
when there are very many of them lying very close together.

Take for definiteness the case when there is only one ¢ and suppose that
it has a very large number of discrete eigenvalues ¢ lying very close together.
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Let the number of eigenvalues per unit range of ¢ be s, which can vary with &
in an arbitrary way. Suppose now that an arbitrary normalized v is expanded in
terms the eigen-1’s, ¢¢/, which are correctly normalized for the purpose of physical

interpretations, i.e.
Perthe = 1, (23)

so that we have P = Z cerer. (24)
é/

Then |c§/|2 is the probability of & having the value £ for this state ¢». We may
assume that cg varies only slowly from one value of £’ to the next, so that the total
probability of £ having a value lying within the range &’ to £ + d¢’, which is small
but still large compared with the interval between consecutive eigenvalues &', will
be approximately
P =|co|*s'd¢,

where s’ is the value of s when ¢’ is the value of its variable. With the same kind
of approximation we can replace the sum in (24) by an integral, which gives us

v= [ coes a. (25)

We must now introduce eigen-1’s, 1(£’), that are normalized according to the rule
for the continuous case, i.e.

‘/¢@0w@ﬁd€’=1. (26)

The change in the representatives caused by this change in the normalization of
the fundamental ’s will be of the same nature as that studied in §24 caused
by a change in the weight function, except that in the present case in the limit
the change is infinite.

To compare (26) with (23), we deduce from (23) the equation

Y Geter =1,
o

which, written with an integral instead of a sum, gives
/¢6/¢€//5/, dfll — 1

Since the integrand here vanishes except when &’ = &', we can replace s” by (s's”)2.
Thus we can take

AE) =5%pe, V() =" e,
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and equation (26) will be satisfied. We now get from (25)
o= [ecv@rstag - [ue)ag €

where (£']), the representative of ¢ according to the rule for the continuous case,
has the value 1
(&) = cgs™

The probability P now becomes |(¢')|* d¢’. Thus the square of the modulus of the
representative gives the probability, per unit range of &, of & having a given value.
In the case when there are several observables &, it may be shown in the same way
that the probability of each ¢, having a value between ¢, and £/, + d¢), is

P =|(¢])]* d&iag,. .. dg, = |(€))] d¢. (27)

Suppose now, in this case of continuous ¢’s, that we take for ¢ one of
the fundamental ¥’s, ¥ (n'), of the new representation 1 and suppose the 1’’s to take
on discrete sets of values. The normalizing conditions (15) and (16) now become

D E e =8 = ¢, (28)

/ (11€) A€ (€)= by (20)

These are just the correct normalizing conditions for us to be able to apply
the result (27). This is because the first of them gives

P(§N)P(E") = 6(¢ — &), (30)

[since equation (28) is just equation (30) written in terms of 7n-representatives
instead of abstract symbols,| showing that the fundamental 1’s of
the ¢-representation are normalized in accordance with (26); while the second

of them gives , "
¢(77 )@5(77 ) = 577’77”a (31)

[since equation (29) is just equation (31) written in terms of &-representatives
instead of abstract symbols,| showing that ¢(n )¢ (') =1 or that (7)) is
correctly normalized for the purpose of physical interpretations. Hence we have

the result that 2 e
|(ln)]" d¢ (32)
is the probability of the ’s having values between & and ' 4+ d&’ when the n’s are

given to have the values 1. The transformation function is still a sort of probability
amplitude. From (29) we obtain
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/ (@l e =1,

which shows that the total probability of ¢’ having any value is unity, giving a check
on the normalizing conditions.

When both the 7”’s and the ¢”s take on continuous ranges of values,
the transformation function can no longer be used to give actual probabilities
in any convenient way. It will still, however, give relative probabilities. Even when
(&'|n') is not normalized with respect to 7' correctly for physical interpretations,
the expression (32) will still give the probability of the ¢’s having values between
¢ and ¢ + d€&, apart from a factor independent of &’. It will be found in
the applications that such relative probabilities are all that is then required.

The two main types of problem in quantum mechanics are to determine
the possible results of an experiment and to determine the probability of occurrence
of one of these possible results under given initial conditions. The first type consists
in calculating the eigenvalues of an observable, while the second always reduces
to calculating a probability amplitude or transformation function and taking
the square of its modulus. A general method for calculating the transformation
function connecting a set of £’s with a set of n’s, when algebraic relations between
the &’s and n’s are given, is as follows. First obtain the matrices (£'|n,,|¢")
representing the n’s in the £-representation, the only conditions that these matrices
need satisfy being the given algebraic relations. One can now use the equations

/ (Elmale”) dE" (€1 = (€l

which follow at once from (21) and (22). These are linear integral equations
in the variables ¢ for the unknowns (£'|n'). They are, in fact, the standard
equations of the theory of eigenvalues and the solutions, when normalized, are
just the transformation functions. These solutions are often called eigenfunctions
of the matrix (£'|n,,|€"), which determines them. An application of this method
will be made in §35 to a case in which the integral equations reduce to differential
equations on account of (¢'|n,,|¢”) involving the § function and its derivatives.

29. Example

We have seen in §26 that if we have any set of observables ¢, that commute
with one another, then there exists a representation, called the &-representation,
in which each of them is represented by a diagonal matrix, whose diagonal elements
are then its eigenvalues. This fact is of very great value in applications of the theory
and usually forms the starting-point in any calculation of representatives.
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To illustrate how it is used, two simple examples will now be given, which will
later be found to be of physical importance.
The first will concern the observables p and ¢ satisfying

qp — pq = 1,

which were introduced in §12. Our problem will be to find the eigenvalues of
p? +¢% We shall assume that p and ¢ are both real observables. We can then infer
by an elementary argument that p? + ¢? cannot have any negative eigenvalues.
We see that the eigenvalues of p? cannot be negative, since they are the squares of
the eigenvalues of p, which are all real. It follows that the average value of p? for
any state 1) cannot be negative. Similarly the average of ¢* for this state ¢ cannot
be negative. Hence the average of p? + ¢* for the state v also cannot be negative.
Thus p? + ¢*> cannot have a negative eigenvalue, since if it did it would have
a negative average value, equal to this eigenvalue, for the corresponding eigenstate.

Let A= (p+iq)(p —iq)
=p*+ ¢ +i(gp — pq)
=p+q¢ -1

We then have ) ]
(p—ig)(p+iq) =p°+¢*+1=A+2,

and hence

Alp+iq) = (p+ig)(p —iq)(p +iq) = (p +iq)(A +2).
We now rewrite this equation in terms of the representatives of the symbols it
involves, in a representation in which A is diagonal. This gives

D (AJAJA)(A"|p +iglA") = Y (A'lp + ig]A")(A"|A + 2| A”),

A/// A”I
which, since (A'|AJA") = A'6 g1 am,
reduces to A'(A'lp +iq|A") = (A'|p +iq|A") (A" +2).
Hence either (A'lp+iglA"y=0 or A =A"+2.

We have by a direct application of the matrix law of multiplication, where A’
is any eigenvalue of A,

(A'|(p +iq)(p —iq)|A') = (A'|p+ig| A")(A"|p — ig|A"), (33)

A//

the summation being extended over all eigenvalues A”. But we have seen that
(A'|p +ig|A”) vanishes unless A’ = A” 4 2. Thus all the terms in the summation
vanish except the one for which A” = A" — 2. If, now, A’ — 2 is not an eigenvalue
of A, then all the terms in the summation will vanish without exception, and we
shall have

0 = (A')(p + i) (p — i) | A') = (A|A|A") = A"
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We have therefore obtained the result that if A’ is any eigenvalue of A, either A’ —2
is another eigenvalue or A’ = 0. Thus if A’ is any eigenvalue, we shall have the
series of eigenvalues A’, A'—2, A'—4, A'—6, ..., which cannot extend to —oo since,
as we have already seen, there can be no negative eigenvalues for p? + ¢, which
is equal to A + 1. This series of eigenvalues must therefore terminate, and can
terminate only with the value zero. Thus the eigenvalues of A are 0, 2, 4, 6, ...,
and those of p? + ¢ are 1, 3,5, 7,....

The representatives of p and ¢ can now easily be obtained. Equation (33)
reduces to

Al = (Allp +ig|A" — 2)(A" - 2|p — ig|A).

The two factors on the right here are conjugate complex quantities, on account of
equation (4). Hence

1 A7

A = (Alp+iq|A" —2) = A'2e",

where + is a real function of A’. All the elements not of this type of
the matrix representing p + iq vanish. The conjugate complex observable p —iq is
represented by

(A" —2|p —ig|A") = A%,

with all the matrix elements not of this type vanishing. Hence

(34)

/

1
2
(A" —2[p|A') = $A"2e7 (A —2q|A) = §iA 2™

(A|p|A" —2) =348 (A|g|lA" —2) = —%m’%e”’,}
and all the matrix elements representing p and ¢ that are not of these types vanish.
The occurrence of the arbitrary phase 4/ in these representatives for p and ¢ is
in accordance with the remark of §26, that a representation is not completely
determined by the observables that are represented by diagonal matrices.

The eigenvalues of A form, as we have seen, a discrete set and hence
in the representation with A diagonal the number of fundamental states is
enumerable. This is rather remarkable in view of the fact that we can obtain
another representation in which the number of fundamental states is equal to
the number of points on a line, for example, the representation in which p is
diagonal, since, as shown in §19, the eigenvalues of p include all numbers from
—o0 to co. Thus by counting the number of independent states of a system in
different ways, one may obtain different cardinal numbers as result.
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30. Second Example

Our second example will concern three observables «, 3, v that satisfy

Oéﬁ - 50{ = 277
By — 8 = ia, (35)
vy — ay = i3

Let a? + B2+~ =0,

Our problem will be to determine the eigenvalues of «, 3, v and . We shall assume
a, B and vy are real. We can then infer that 6 cannot have any negative eigenvalues,
by a similar argument to that at the beginning of our previous example.
We have ) )
va© — oy = (ya — ay)a +a(yo — ay)
=ifa +1af
from the third of equations (35). Similarly

V8% = B2y = (78— B)B + B(vB — B7)

= —iaf —ifa.
Hence v(a? + %) = (o + %)y = 0,
so that v — 0y = 0.

Thus 6 commutes with ~, and therefore from symmetry it commutes also with «
and (. Hence it commutes with any function of a, 8 and ~.

We thus have an observable # commuting with all the observables that occur
in the problem. Whenever we find an observable having this property, we should
expect to be able to treal it simply as a number in all subsequent investigations,
as by so doing we do not invalidate any of the algebraic equations that it
satisfies. A formal proof of the legitimacy of this proceeding is as follows. We use
a representation in which 6 is diagonal, together with certain other observables,
K say, so that any observable P is represented by (6’| P|6”k"). From the condition

0P — PO =0
we obtain 0'(0'k'|P|0"K") — (0'K'|P|0"K")0" = 0.
Hence (0'K'|P|0"K") = 0
unless & = #” Thus all the matrix elements representing any observable in

the problem vanish unless they are of the type (0'x'|P|6¢'k”). Tt follows that when
any equation between the observables is expressed in terms of their representatives,
all the matrix elements throughout the equation will refer to one and the same
value of #. This value for 6’ need not be explicitly referred to in the notation
for the matrix elements, so that we may write (¢'«'|P|0'k") simply as (k| P|K").
The equations will now be of exactly the same form as if # were a number, equal
to this ¢, and we used a representation defined by the x’s without the help of 6.
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We shall apply this method to the present example. Thus we shall consider
to be a definite number and on this basis work out the eigenvalues of 7. Those of
« and  will be the same, from symmetry. Any numerical value that we give to 6
which is consistent with equations (35) will be an eigenvalue of §. Since o and
are real, we can infer that the average value of 42 for any state cannot exceed 6 and
hence the eigenvalues of 42 cannot exceed 6. Thus the eigenvalues of v cannot be
greater than 6% or less than —#% The fact that any numerical value that we take
for & must be positive or zero, since, as we have already seen, any eigenvalue of 6
must be positive or zero, makes this restriction on the eigenvalues of + reasonable.
We have from (35)

(a+if)y —v(a+if) = —iff —a
— —(a+iB)
or (a+iB)y = (v —D(a+ip).
If we express this result in the ~-representation, we get

(Yla+iBly")Y" = (v = (¥ |a +iB1y").
Hence either (7'|a+i5|7") =0 or 4" =~+' — 1. Now if 4/ is any eigenvalue of ~,
V(e +i8) (e = iB)y) D (Y| + iB1y") (Yo — iBIY), (36)
,.y//
the summation being over all eigenvalues v”. The terms on the right-hand side all

vanish except the one for which v/ =+ — 1. If v/ — 1 is not an eigenvalue of -,
then they all vanish and we have

(Ve +if)(a—iB)ly) =0
But (a+iB)(a—if) = a® + 3% —i(af — fa)
=a’+ 5+
=0—7 47
=0+31—(y-3%)7
Hence if v/ — 1 is not an eigenvalue of v, we have
0=10+1-(=8)
= 0+3- (-4

or v =31tk
where k is defined as the positive square root

k=(0+1* (37)
Thus if 7/ is any eigenvalue, we shall have the series of eigenvalues +/, 7 — 1,
v — 2, ..., which must terminate since there can be no eigenvalue less than —@%

The last member of the series must be either % + k or % — k, and since there is
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no eigenvalue greater than 6% and thus none greater than k, it must be 1 — k.

Thus the eigenvalues of v are % — k, % — k, g — k... :

If we reverse the order of the factors in the product whose representative occurs
on the left-hand side of (36), we can deduce by a similar argument that if 7' is
any eigenvalue of v, either 7'+ 1 is another eigenvalue or 7/ = —% + k, and we can
infer from this that the eigenvalues of v are k — %7 k— %, k— %, .... By combining
these two results, we see that % —k and k — % must differ by an integer, so that k
must be an integer or half an odd integer. The eigenvalues of v are then

k_%vk_g,k—g,,—k’+g7_k+%’ (38)

which shows incidentally that k£ must not be zero, as follows also from its defining
equation (37). The corresponding value for 0 is k? — i, so that the eigenvalues of
6 are all of this form.

A new point that is brought out by this example is that if we have two
observables that commute and choose arbitrarily one of the eigenvalues of each,
then there will not necessarily exist a state for which each observable has its chosen
eigenvalue, 7.e. a state that is a simultaneous eigenstate belonging to these two
eigenvalues. Thus the eigenvalues of v include all integers and half odd integers,
and those of 6 include all numbers of the form k% —1 where k is an integer not zero
or half odd integer, but there exists a state for which v and 6 have the values v/ and
k* — } respectively only provided 7/ is one of the numbers (38). Such restrictions
on the possible simultaneous eigenstates of two or more commuting observables do
not in any way invalidate our general theory.



VI. EQUATIONS OF MOTION
AND QUANTUM CONDITIONS

31. General Remarks

THE theory that has been developed so far contains a complete account of
the new concepts and mathematical machinery required in quantum mechanics
and also all the general physical laws. Only the general properties of states
and observables have, however, been discussed, no reference being made to
the particular conditions that they satisfy in the case of a specified dynamical
system. We must now consider the form of these particular conditions and so
make the theory applicable to given physical problems. It should be understood
that the assumptions that will now be made are on quite a different footing from
the foregoing ones. We are now concerned not with general physical laws applying
to the whole of nature, but with special assumptions referring to a given physical
problem, such as the interaction of a certain number of electrons and atomic nuclei.
These assumptions will show how the information that we are dealing with a certain
number of particles of given masses interacting according to given laws of force is
to be made use of, and will give us equations which may be considered as forming
the mathematical specification of which dynamical system is under consideration.
Future developments of the theory may show that these assumptions are only
approximate and require modifications; in fact, as they will now be formulated,
they are not in agreement with the principle of relativity and will at any rate
require modifications on this account when applied to rapidly moving particles.
On the other hand, the assumptions of the four preceding chapters are so closely
interconnected that one could hardly modify them in any way without getting an
entirely different scheme of mechanics, and the successes of the theory are so great
as to make it fairly certain that no such modifications will be required, at least for
the purpose of explaining the ordinary physical and chemical properties of matter.
The theory of these four chapters is in agreement with the principle of relativity;
in fact it is so general that it is independent of any special relations between space
and time. We must, of course, for this to be true, adopt a more general definition
of an observable than the value of a variable at some instant of time, which we can

90
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do by considering an observable to be the quantity measured in any observation
and to be defined by the way the observation is made, together with the positions
of the various component parts of the observing apparatus and the times when
they are set working, if necessary. An observable now need not refer to an instant
of time in some frame of reference, so that there is no conflict with relativity on
this account. For the non-relativistic theory of the present chapter the previous
definition of an observable is adequate.

If we are dealing with a given dynamical system, we shall have given dynamical
variables, whose values at any time are what we call observables, and we shall
require conditions that will determine the values of these variables at all times
when their values at some particular time are known. These conditions will
be the equations of motion of the system. In classical mechanics they would
be sufficient to form the mathematical specification of the dynamical system
under consideration. This is not so, however, in quantum mechanics, where
additional relations are necessary for this purpose, which take the form of equations
connecting the values of the variables at a particular time, of such a nature that
they can replace the commutative law of multiplication of the classical theory.
These additional relations are called quantum conditions. [t is only when
the quantum conditions are given as well as the equations of motion that we know as
much about the variables as in the classical theory and can consider the dynamical
system as mathematically completely specified. The equations of motion and
quantum conditions are very closely connected with each other, and one cannot
make any progress in solving a problem until they are both known.

Our problem is now to determine the quantum conditions and equations of
motion for any given dynamical system, such as that formed by given electrons and
atomic nuclei interacting. It is known that classical mechanics gives an accurate
description of dynamical systems under certain limiting conditions, e.g. when
the masses are large. One would therefore expect to be able to obtain a theory
of these systems when the limiting conditions do not hold by making some
natural generalizations in the classical equations of motion and choosing quantum
conditions that form natural generalizations of the classical conditions that all
the variables commute. It will be found that one can in this way obtain
a quantum theory of individual dynamical systems analogous to the classical
theory. This quantum theory will not, however, include all the systems with which
one has to deal, but only a large and important class of them, there being systems
in the quantum theory which have no classical analogues (e.g. that consisting
of a photon interacting with an atom, which will be treated in Chapter XII),
for the treatment of which we must in each case choose special quantum conditions
and equations of motion, either by means of special theoretical considerations or
to fit experimental facts.
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32. Poisson Brackets

The classical equations of motion which we have to generalize may be written in

the form
dg, . OH : oH

_— == = — 1
ik TR Dy 90, (1)

where the ¢’s and p’s are a set of generalized co-ordinates and their canonically
conjugate momenta and H is the Hamiltonian, which is a given function of
the ¢’s and p’s for a given dynamical system and is equal to the energy when
it does not involve the time explicitly. These equations of motion involve partial
differential coefficients, which in general have no meaning for dynamical variables
in the quantum theory. We get over this difficulty by observing that the equations
of motion (1), and also all other important equations of general classical dynamics,
can be written in a form in which they involve partial differential coefficients only
through Poisson Bracket expressions, and that, as we shall now find, these bracket
expressions have their analogues in the quantum theory. Any two variables &
and 7 have a Poisson Bracket (abridged to P.B.), denoted by [£,7] and defined in

the classical theory by
9¢ on  9¢ In
= — . 2
€11 Z:{ o X ®

These P.B’s owe their importance to the fact that they remain invariant under
a contact transformation (i.e. a transformation to a new set of canonical variables
Pk, ¢ such that the form of the equations of motion (1) remains unaltered), which
results in the equations of motion being expressible in terms of P.B’s. We have

in fact . .
QT:[qT”HL pr:[praH]a (3)

and more generally, for any variable &,
o€ o0& B 0§ OH 0 OH
¢ Z{ ot rp}_;{ﬁqrapr Opr Oq;
= [¢, H]. (4)

To find the quantum analogues of these P.B’s we shall note some of their general
properties and try to choose the quantum P.B’s so that they shall have the same
properties. The following relations follow at once from the definition (2).

[§,c] =0 (6)

where c is a number,
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(€14 &2,m] = [&1, 1] + [2,7),
(€m0 +m2] = [§;m] + (€, ma],

_ 06 &\ on  (0& 0%\ On
[£162,m] = Z { (aqr& +& 8%) op, (8pr§2 +& 3]%) 3%}

= [517 77]52 + 51[527 77]7 }

(€, mme) = [&,mne +ml€, na].

Also the identity
€, [0, ¢l + I, [C €] + (G [€,ml] = 0 (9)

is easily verified. Equations (7) express that the P.B. [, 5] involves £ and 7 linearly,
while equations (8) correspond to the ordinary rules for differentiating a product.

We can define the quantum P.B. so that it also has all these properties, provided
the order of the factors & and & in the first of equations (8) is preserved throughout
the equation, as in the way we have here written it, and similarly for the 7; and
12 in the second of equations (8). These conditions are sufficient to determine the
form of the quantum P.B. uniquely, as may be seen from the following argument.
We can evaluate the P.B. [{1&, m172] in two different ways, since we can use either
of the two formulae (8) first, thus,

(&1&2, mme) = [E1, mme2)&e + &1[&a, mime)]
= {[&e,mlnz +ml&r, mal} So + & {[S2, mIne + 2, m2)}
= [&, mImede + ml&r, meléa + §1l§2, mne + E1ma[Sa, o]
and [&1&2, mme] = [E1&2. mn2 + M [§162, 72
= [§1, m)&amz + &€, mIma + M€, ma] + m&i[€2, 7).

Equating these two results, we obtain

(€1, m](&eme — m2&2) = (&om — m&1) (&2, ma)-

Since this condition holds with & and 7 quite independent of & and 1.,

we must have .
Sim —mé = Zﬁ[flu 771],

Eama — Mmoo = 1h[E2, o],

where A must not depend on & and 7; or & and 7, and also must commute with
(&1 —mé&r), so that it must be a number. We want the P.B. of two real variables
to be real, as in the classical theory, which requires that A shall be a real number
when introduced, as here, with the coefficient 2. We are thus led to the following
general formula for the quantum P.B. [£,n] of any two variables £ and 7,

&n —n& = ihlE, ), (10)
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in which A is a new universal constant having the dimensions of action. In order
that the theory may agree with experiment, we must take i equal to h/2w, where
h is the universal constant that was introduced by Max Planck. It is easily verified
that the quantum P.B. defined by (10) satisfies all the conditions (5), (6), (7),
(8) and (9). These conditions often provide a more convenient way of actually
evaluating a complicated P.B., by enabling one to express it in terms of simpler
P.B!s whose values may be known, than that afforded by a direct application
of (10).

33. Equations of Motion and Quantum Conditions
obtained from Analogy with the Classical Theory

The assumption that the P.B. defined by (10) is the analogue of the classical
one enables us to take over the classical equations of motion (3) and (4) into
the quantum theory and also any other classical equations expressible in terms
of P.B/s. Further, the assumption that the P.B’s of the p’s and ¢’s, which P.B!s
in the classical theory have the values

[qra QS] =0, [praps] = 07} (11)

{QMPS] - 61“87

have these same values in the quantum theory, provides us with quantum
conditions, since we can now, with the help of (5), (6), (7), (8), evaluate
the P.B. [{,n] of any two analytic functions £ and 7 of the p’s and ¢’s and thus
obtain, by using (10), an equation for {n — n& capable of replacing the classical
condition that &n — né = 0. We have thus solved the problem of obtaining
equations of motion and quantum conditions forming a natural generalization of
the classical theory. The classical theory is, in fact, given by the limiting case
h — 0 of the quantum theory.”

The quantum conditions and equations of motion may be written without
the use of P.Bs, if we eliminate the P.B’s with the help of their defining equation
in the quantum theory, equation (10). We obtain in this way for the quantum
conditions (11)

TS_ST‘:O7 vDs — PsPr = 0
arq dsq p p Psp (12)
qrPs — Psqr = Zh5r57
and for the equation of motion (4)
ih€ = €EH — HE. (13)

The condition for a variable £ to be constant is that it shall commute with
the Hamiltonian H.

*Original: h=10
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The notion of P.B’s is more fundamental in the quantum theory than in
the classical theory, as is shown by the fact that one can define a P.B. in
the quantum theory without reference to a set of canonical variables, which
is not possible in the classical theory. For this same reason the notion of
a set of canonical variables is less important in the quantum theory than in
the classical theory. The notion of canonical variables is in the classical theory
a dynamical notion, but in the quantum theory it is merely an algebraic notion,
as the conditions defining when variables are canonical are then expressible by
algebraic equations (11) or (12). Equations (11) may be considered as defining
canonical variables also in the classical theory, but they then have no meaning
unless the ¢., p, are functions of another set of variables ¢, p: which are
given to be canonical, as otherwise the P.B’s are undefined. A transformation
from one set of canonical variables to another is called in the classical theory
a contact transformation, and this name may conveniently be taken over into
the quantum theory. The transformations discussed in §19 evidently do transform
one set of canonical variables into another, since, as shown in §19, they leave
algebraic relations between the variables unaltered and the conditions for variables
to be canonical in the quantum theory are algebraic.

It should be understood that the symbols ¢, p, &c., in the equations we are
now dealing with really denote the values ¢(t), p(t), &c., of the variables at some
particular time t that is not specifically mentioned, so that our equations are
equations between observables depending on a parameter ¢. The € in (4) and (13),
defined as the rate of change of the observable £(t) with respect to the parameter ¢,
is also an observable. For observables £(t), n(t) depending on a parameter t,
we have the laws

4
dt

d d d dn  d¢
€+n) = pridaaei/l E(fﬁ) =& T
which are consistent with the general quantum equation of motion (4) or (13), on
account of their analogy with (7) and (8) respectively.

It is legitimate for us to assume the quantum conditions (11) or (12) only for
one particular time, and we must then deduce that they hold at all times from
the equations of motion. We can do this by observing that, if equations (11) or (12)
hold at one particular time ¢, then the time-rate of change of their left-hand sides
must vanish at time ¢, so that they will hold also at time ¢ + dt, or alternatively
by observing that, from the general equation of motion (13), the values of the p’s
and ¢’s at time ¢ + dt are connected with their values at time ¢ by an infinitesimal
contact transformation of the type (29) of §19. In order that we may be able
to consider the commutative law of multiplication of the classical theory as
completely replaced by our quantum equations, it is necessary that we should
be able to evaluate expressions of the form £(t1)n(t2) — n(t2)€(t1). This we can do
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by using the equations of motion to express £(¢;) and 7(t2) in terms of the p’s and
¢’s at some one time ¢ and then applying the quantum conditions (12).

The equation of motion (4) or (13) must be generalized when ¢ involves the time
explicitly as well as through the p’s and ¢’s. The classical generalization of (4) for

this case is o¢

§= S +IEH) (14)

which may be taken over directly into the quantum theory. The generalization of
(13) is thus o€

ihé = iho + ¢H — HE. (15)

The Hamiltonian H is a constant when and only when it does not involve
the time explicitly. The equations of motion are not affected by the addition
to the Hamiltonian of an arbitrary numerical constant, even one that varies with
the time.

We are now in a position to be able to work out all that we require for any
dynamical system when this system is specified by a Hamiltonian function H, given
in terms of the ¢’s and p’s and perhaps also containing t explicitly. It should be
observed that the order of the factors of products in the expression for H may be
important, since our variables do not now all commute, so that there is a greater
variety of Hamiltonians in the quantum theory than in the classical theory.
Thus for a given Hamiltonian of the classical theory there is not in general
a unique corresponding Hamiltonian of the quantum theory, so that when one
is given a dynamical system in the classical theory it is in general meaningless
to talk about the same system in the quantum theory. There are, however,
exceptions to this, it being possible in many cases to use the same language for
describing dynamical systems in the quantum theory as in the classical theory
without practical ambiguity. For example, one can describe a dynamical system
as that of a particle of mass m moving in a field of force derivable from a potential
function V. The Hamiltonian for this system in the classical theory would be,
when expressed in Cartesian co-ordinates,

H= ﬁ(pi +pi+ )+ V(z,y, 2).

One can without ambiguity say that the same system in the quantum theory is
that having this same Hamiltonian, since this Hamiltonian does not contain any
product of the type xp, for which the order of the factors is important. It should
be remarked that this freedom from ambiguity in the passage from a classical
Hamiltonian to a quantum one can be maintained only provided one uses always
Cartesian co-ordinates, as in general different quantum Hamiltonians would be
obtained, differing from one another by terms containing h as a factor, if one were
to take over the classical Hamiltonian expressed in different kinds of curvilinear
co-ordinates.
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34. Schrodinger’s Form for
the Quantum Conditions

In this section and the following one some of the more important consequences
of the quantum conditions (12) will be obtained. We shall here be concerned
exclusively with the values of the variables ¢, p at one particular time, which will
not be specifically mentioned.

Equation (26) of Chapter II is, apart from the numerical factor A, the same
as the quantum condition connecting any co-ordinate ¢, with its conjugate
momentum p,. Thus we can take over the consequences of that equation and
apply them to our present ¢, and p,, with insertion of the factor A where necessary.
Equation (27) of Chapter II gives us in this way

fpr - prf =ih df/qu (16)

where f is any function of ¢, expressible as a power series. This equation evidently
holds also when f is a function of the other ¢’s as well as ¢,, provided the total
differential coefficient is replaced by a partial one. Again, from the argument at
the end of §19, we can infer that each ¢. and p, must have as eigenvalues all
numbers from —oo to oo. This would actually be the case, for instance, if they
were Cartesian co-ordinates and momenta of particles.

It will now be shown that, ignoring a certain indefiniteness, one can give
a meaning to the operator 9/0q,, applied to a i-symbol, or one can differentiate
a Y with respect to an observable q,.. The simplest way of treating this problem is
to suppose the 1 to be represented in a representation in which, amongst others,
the observable ¢, is diagonal. The representative (g.’|) of ¢ will be a function
of the variable ¢/, whose domain extends from —oo to oo, and can therefore be
differentiated partially with respect to ¢,’, giving another function 9(¢,'|)/0q,’ of
q,. defined for this same domain —oo to co. This new function will represent
a 1-symbol, which we define to be 0¢/dq,. Tt would, of course, be strictly
correct to say that one can give a meaning to the operator 9/dq, applied to
a 1-symbol only provided for each v there is one unique 0v/0q,, i.e. provided
the above procedure for obtaining 0v)/Jq, gives a result independent of which of all
the possible representations in which g, is diagonal we use, and this is not the case.
There is thus an indefiniteness in the meaning of the operator 9/dq, applied to
a 1-symbol, the extent of which we shall now investigate.

Let us take first the case of a system of one degree of freedom, so that there is
only one co-ordinate g and only one variable ¢’ in the representative (¢'|) of a 9.
By differentiating this representative we obtain 0(¢’|)/0¢’, the representative of
a possible 01 /0q, say (0¢/0q),. Now in the present one-dimensional case the most
general canonical transformation we can make such that ¢ remains diagonal is
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that which involves the multiplying of the representative of any -symbol by
an arbitrary phase factor. Thus the new representative of 1) will be of the form

()" =™ (q), (17)

where F” is short for F'(¢'), a real function of ¢. If we use this new representation
to define 0v/0q, we obtain a new 0y /dq, say (0v/0q),, whose representative in
the new representation is

0 g O dF’

* iF’ - iF'
8—(1,(61’!) =e a—q,(Q’DHe d—q,(Q’D-
The representative of (0¢/dq)y, in the original representation is therefore
o, 0 dF’
—iF 2 e (] - /
€ aq,(QD 8q,(q!)+qu, ('),
and hence aw) _ (82/1) AF
— =5 +i7. 18
( aq b aq a dq ( )

This is an equation giving the general connexion between two 0v¢/Jq’s. It shows
that the indefiniteness in the operator 0/0q consists in the possible addition of
an arbitrary imaginary* function of q.

In the n-dimensional case the general canonical transformation which leaves
a single ¢, ¢, say, diagonal is much more general than a mere change of phase
and thus the indefiniteness in the operator 0/0g. is much greater than in
the one-dimensional case. Whenever we use this operator, however, we shall deal
not with a single 0/0q, alone, but with the whole set 0/0q:, 0/0qa, ..., 0/0q,
together, which will make only those meanings for the operators useful that
arise from a representation in which all the ¢’s are simultaneously diagonal.
The arbitrariness in this representation is then again merely that of the phase,
like (17), and leads again to the form (18) for the connexion between two (0/0g,)’s,

namel
y (22) - (2) 428 o
9q: ), \9ar), 0q."’

where F'is now an arbitrary real function of all the ¢’s. Thus the indefiniteness in
the operators d/0q, now consists in the possible addition to each simultaneously
of a function of the ¢’s, of the form i9/0q, for the r-th. This small amount of
indefiniteness has, however, been attained only by our considering each 0/0q, as
not specified by the observable ¢, alone, but by ¢, as one of a given complete set
of commuting observables qi, ¢s, ..., ¢n.

*‘pure’ omitted
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The operators 9/dq, applied to i-symbols are linear operators that can be
applied to an arbitrary ¢ and are thus just ordinary observables. We shall
call 0/0q, considered as an observable, m.. The representative of =, in
the g-representation used for defining 9/0q, is

(d'|7r|q") ==6(a1—a)0 (@~ )- - - 0(ar_1 =47 _1)0" (4, = 4) (@)1 —'s1)- - - 0(a— )

(20)
which is similar to expression (49) of Chapter IV. The matrix representing ,
is thus antisymmetrical, showing, according to equation (23) of §21, that m, is
an imaginary* observable. The form of (20) shows also that when 7, is multiplied
into a ¢-symbol, the result is

¢m, = —0¢/0qy, (21)

in which 0¢/0q, is defined through its g¢-representative in the same way as
O/ 0q, was.

The commutability relations connecting the 7’s with each other and with the ¢’s
will now be obtained. For this purpose we use the fact, which is easily verified,
that the operators 0/0q, applied to 1-symbols obey the same laws as when applied
to ordinary functions. Thus

D% D%
84,9q;  9q,0q,
or T sy = T,
and hence e — sy, = 0. (22)
Again a%s(qm) = QTS_Z + Op5t)
or Tsqr) = @ s + Opst),
and hence (rTs — TGy = —Ops. (23)

More generally, if f is any differentiable function of the ¢’s,

0 0 Of
or T f1h = [+ (0 /9qs),
and hence frs —msf = —0f/0qgs. (24)

These relations (22), (23), (24)% could have been obtained alternatively directly
from the representatives (20), with the help of properties of the § function given
in §22.

Hpure’ omitted
8¢ omitted
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The relations (22) & (23) for the 7's are, apart from a numerical factor —ih,
just the same as the quantum conditions (12) for the p’s. Thus the observables
—ihm, satisfy the same commutability relations with each other and with the ¢’s
as do the p,. Equation (24) now corresponds to (16), with the difference that (24)
has been shown to be valid for any differentiable function f, not merely for one
expressible as a power series. There exist many sets of observables 7., owing to
the indefiniteness in 9/0q, discussed above, but each such set must satisfy (22) and
(23) and thus give rise to a set of observables —ihm, with the same commutability
properties as the p,’s. Any one of these sets, m,, is connected with any other, m,,,
according to equation (19), by the relation

Ty = Tpq + 10F /0g,. (25)

It will now be shown that there exists one set of m,’s such that ps + ihms, as just
equal to p,.

If we take any set of m/’s, m,, say, then from (23) and (12), ps + ihm,, must
commute with each ¢, and must therefore be a function of the ¢’s only, ¢.e.

Ds + ihﬂ-sa = fS(Q) (26)

Each f, must be a real function of the ¢’s, since both p, and —ihm,, are real
observables. Again, from (12) and (22), we obtain

0= PrPs — PsPr
- (_ihﬂ'ra + fr)(_ihﬂ'sa + fs) - (_?:hﬂ'sa + fs)(_ihﬂ-’r’a + fr)
== _ih[ﬁrafs + frﬂ-sa - 7T-sozfr - fsﬂ-?“a]v

or Tsafr — frTsa = Trafs — fsTra-
With the help of (24) we now find
0f;/0qs = 0fs/9q,
which shows that the functions f,. are all of the form
fr = 0G/0qy,

where G is a function of the ¢’s independent of . Thus (26) becomes

4 oG " . 1 0G
r = —UWTrq ™ 53— = —1 Tra T % .
P 9q; h 0q,
We can introduce a new set of 7,’s according to equation (25) taking F' equal to
G /h, since F' is an arbitrary real function of the ¢’s and G is real. For these new

m,’s we shall then have
P, = —ihm,. (27)
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Equation (27), which was discovered by Erwin Schrodinger, is a very
important one in applications of quantum mechanics. It is a consequence
only of the quantum conditions (12) and may be regarded as a new form in
which these quantum conditions may be expressed. It shows that we can take
a representation in which the ¢’s are diagonal and in which each observable p,., when
mniultiplied into a ¢-symbol, is represented by the operator —ihd/dq.. operating
on the representative (¢’|) of this ¢-symbol. When p, is multiplied towards the left
into a ¢-symbol, it is then represented by the operator ihd/0q. operating on
the representative (|¢') of this ¢-symbol. If f(q.,p,) is any function of the ¢’s
and p’s, expressible as a power series in the p’s, then it is equivalent to

f(gs, —ihim,), (28)

obtained from f(gs, p.) by substituting —ihm, for each p,. This is to be understood
as meaning that when f is multiplied into a -symbol, its representative
is the operator f(q.,—ihd/0q.) operating on the representative (¢'|) of this
1-symbol, and when multiplied into a ¢-symbol, its representative is the operator
f(qé,ih@/@q;) operating on the representative (|¢') of this ¢-symbol, where fis
the function obtained from f by reversing the order of all the factors in each term.
The equation for determining the eigenvalues f’ of f is thusf

H(dhmige ) 6D =1 (29
qr
which is an ordinary partial differential equation for the unknown function (¢'|)
and unknown number f. When f is the Hamiltonian or energy of the system
(assumed not to involve the time explicitly), this becomes Schridinger’s equation
for the determination of the possible numerical values for the energy.

Equation (27) shows up the meaning of the indeterminacy in a representation
when only the observables that are to be diagonal in it are specified. Corresponding
to each representation in which the ¢’s are diagonal there exists one set of
observables conjugate to the ¢’s [i.e. satisfying the same conditions as the p’s
in (12)], whose representatives are of the specially simple form —ihd/0q.. [when
multiplied into a representative (¢'|) of a 1¥-symbol|. If we now take one particular
set of observables conjugate to the ¢’s and require that the representatives of
these shall be of the specially simple form —ih0d/0q., the representation is then
completely determined, except for a trivial phase factor e”, where 7 is independent
of the ¢’s, since the function F' in (25) is completely determined by the condition
that —ihAm, must equal p,, except for an arbitrary constant. The indeterminacy
in a representation when only the diagonal observables are specified is of the

tOriginal “.’ replaced by -’
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same nature, although it cannot be discussed in the same way, when any of these
diagonal observables has no canonical conjugate, as is the case, for instance, when
its eigenvalues do not extend from —oo to oo.

From equations (27) and (24) we see that (16) holds also for functions f of
the ¢’s that are not expressible as power series.

35. The Transformation Function (¢'|p’)

The result (27) which we deduced with reference to the g-representatives of
- or ¢-symbols must be applicable also to the transformation functions connecting
two representations of which one is the g-representation, since these transformation
functions are nothing but the representatives in either of the representations of
the fundamental v’s and ¢’s of the other. For instance the transformation function
(¢'|’) is the g-representative of ¥(a’). Hence from (27) the representative of
prY(of) is —ihd(¢'|a’)/dq.. This representative, equal to [(¢'|p-¢") d¢” (¢"]/),
may be written (¢'[p,|’) in the notation of mixed representations of §27, so that
we have

(d'[pr|c/) = —ih O('|c/) / Og,. (30)
Similarly, if f(gs,p.) is any function of the ¢’s and p’s expressible as a power series
in the p’s, we see from the result (28) that

(@If]!) = f(q;, —h%) (o). (31)

T

Again, the transformation function (¢'|o’) is the g-representative of ¢(a’), so that,
remembering (21), we obtain from the result (27)

(@'p:lg") = ihd(a'q')/ O, (32)
and from the result (28)

(o'plp') = f <q;, iﬁ%) (a'lq") (33)

T

We shall now apply (30) to calculate the transformation function (¢'|p’)
connecting a co-ordinate g with its conjugate momentum p. We have

(d'lplp") = —ih 0(d|p") /04’
But from equations (22) of Chapter V

(d'lplp") = (d'1P")P'
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Hence —ihd(d'|p") /04 = p'(d'|p).

This is a differential equation for the unknown function (¢'|p) of ¢’ lts general

solution is

(dlp)) = ae P/,

where o’ is an arbitrary function of p'
We can determine the modulus of @’ by using the normalizing condition

[m (pl’q/) dq/ (q/‘p/l) — 5(p/ _p//)'

o0
This gives, when we put

Wd) = (¢lp) =ae 77/,

the equation

oo
a/a/// e—iq/(p'—p”)/h dq/ — 5(]9/ . p//)7
—0

where a” is the value of @’ when p” is substituted for the p’ in it. By carrying out
the integration with respect to ¢’ we obtain

1 Zh — A q=0
— //5(]9 —p ) T [e q(p'—p )/}

2h , =
= [Sm ap’ —1")/ h]

g=—00

Integrating each side with respect to p”, we now get

1 * sing(p’ — p")/h =
_/a/ — 2h |:/_OO ( )/ dp//

o —p
=2h[r]"™ = 27h = h.
Thus d = he"

where 7/ is some real function of p’, and hence
(¢'lp) = h™2e PR

By suitably choosing the arbitrary phase in the p-representation we can remove
the phase factor e, which will leave us with

(d|p)) = h e e v/n (34)

There is no arbitrary phase in the g-representation, since this phase is fixed when
we use equation (27) or (30).
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Our result (34) shows that the p- and g-representatives of a ¢-symbol are given
in terms of one another by the relations

W) = / Y g (¢,

roo (35)
@h=n [ ey ),
—0o0
Thus either of them is given by the components in the Fourier resolution of
the other. The transformation function connecting the n ¢’s, q1, g2, ..., qn, With
their n conjugate p’s, p1, p2, ..., Pn, is given by simple multiplication,

(015 - - Q1P - - - p) = (1P (6alps) - - (4n]py)
— p2 P PP ) /R (36)

36. The Space-displacement Operator

In §34 we saw how to give a meaning to the operator 0/0q, applied to a ¥-symbol.
For this purpose we had to make use of a representation in which ¢, is diagonal.
There are, however, certain cases in which one can give a meaning to this
operator independently of any representation, so that this meaning becomes of
more fundamental importance. These are the cases in which g, is the value (z say)
at a particular time of one of the Cartesian co-ordinates of the particle when
the system consists of a single particle, or of the centre of gravity of the whole
system in the general case. The operator 0/0x applied to a state is then connected
with the operator of displacement of the state in the direction of the z-axis, as will
now be shown.

Let 1), denote any state of the system, arising when the system is prepared in
a certain way. We now introduce that state 1y which is the same as 1) except for
being displaced through a distance dx (a number) in the direction of the z-axis
at the time t. To define vy rigorously, we must suppose all the apparatus used
in the preparation of 1, and all the external forces acting on the system up to
time ¢ to be displaced through this distance dx, the external forces after time ¢
being unchanged. The state of the system after time ¢, which state is completely
defined in this way, will then be 5. We can now form the difference vy — 94
and divide by dx and proceed to the limit 6 — 0. The result of this procedure
will be a i-symbol which depends in some linear way on our initial )-symbol ;.
Thus we shall have

61;2](% — 1)/0x = dyibn,



36. The Space-displacement Operator 105

where d, is a linear operator, i.e. where

dy (V1 +3) = dythy + dyi)s,

for arbitrary v¢; and 3. Our displacement procedure thus enables us to define
a displacement operator d,, which, being a linear operator that can be multiplied
into any 1-symbol, can be regarded as an observable.

The displacement operator d, is not completely defined owing to the fact
that the 1-symbol 1), is undefined to the extent of an arbitrary numerical factor.
If we make the assumption that ¢5 shall have the same ‘length’ as 1, i.e. that

Pa1p2 = P11,

then this arbitrary factor will be of the form e, where ~ is a real number.
Thus if ¢," is any alternative 1), we shall have ¢,* = ¢1),. Our new displacement
operator d,* will now be given by

dy 1y = lim (e71py — ) /0

li
dx—0

— lim {¢2—¢1 +€iw_1¢2}

520 ox ox

= dy1 + iy,

where a is a real number, equal to the limit (assumed to exist) of v/dz. Thus
d,” = d, +1a,

so that the indefiniteness in our displacement operator consists of merely
an arbitrary imaginary number.

The series of operations by which, given any ¢-symbol ¢, we defined
the ¢-symbol d 1) may be applied also to any ¢-symbol ¢ and will then give us
the ¢-symbol d,¢. When d, is regarded as an observable it can be multiplied into
a ¢-symbol to give a product ¢d,. The connexion between d,¢ and ¢d, will now be
obtained. Any product of the form ¢ is a number which must remain unchanged
when both the ¢ and v are displaced through the distance dx, and hence

do(¢p) = 0.

Since d, is of the nature of a differentiation, we can use the ordinary law for
the differential coefficient of a product, which gives us

(dx¢)¢ + ¢(dmw> =0.
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When we consider d, as an observable, we have

P(dztp) = (P )1
Hence (de) = —(¢dy ).

Since this is true for arbitrary 1, we obtain

(bd:p = _dx¢7

which is the required connexion. This result is analogous to (21). It shows us that
the conjugate imaginary symbol to d,v,, which is, of course, just d,¢,, is equal to
—¢,d,, and hence allows us to infer that d, is an imaginary* observable, like the 7,
of (21).

We shall now obtain the connexion between our new operator d, and
the operator 0/0z defined according to §34. We take a representation in which
x is diagonal. We suppose further that the phase of this representation is
independent of z, so that when a -symbol is displaced in the direction of
the z-axis, its representative (2’|) is merely displaced an equal distance through
the domain of the variable /. (If the phase were arbitrary, then when the -symbol
is displaced its representative would be changed in some more complicated way.)
The representatives (z’|1) and (2'|2) of ¢; and 15 are now connected by the relation

(2'|2) = (2 — dx|1).
Thus the representative of d, v will be

(J}/ — 5I|1) — (I’l|].) 0 ’
= ——(2'|1)
g,

and hence d. = ——
v s (37)

lim
5z—0 ox

Equation (37) holds, of course, only for one of the possible operators 0/0x.
The others will differ from this one in accordance with equation (18). It will now
be shown that the one for which (37) holds is the same as the one which, considered
as an observable 7., satisfies (27) or

Pz = _Zhﬂ-l';

p. being the momentum conjugate to x. This will mean that, with d, considered
as an observable,
Pz = thd,. (38)

*‘pure’ omitted
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We prove this by observing that p, and ihd, satisfy the same commutability
relations. When the 1-symbol z¢ is displaced through the distance 0z the result
must be (z—dx )1y, in which x has been changed into x —dx, since the displacement
of apparatus required for the definition of the displaced 1-symbol causes apparatus
that measures the observable z to become apparatus that measures x — Jx.
Thus from the definition of d,

dyxipy = 515210{(11 - 5$)¢2 - :E@/)l}/(;l‘,

= xdacwl - ¢1-
Hence d.v — xd, = —1. (39)

In the same way it may be shown that d, commutes with y, 2, p,, py, p., and in
fact with every dynamical variable (at time ¢) independent of x. Thus p, — ihd,
commutes with everything and must be a number. We may take this number
to be zero, on account of the arbitrary? number arising in the definition of d,,
and thus obtain (38).

Equation (38), which connects our displacement operator d, with
the momentum p,, is an alternative way of expressing the quantum conditions (12)
or (27), in so far as they refer to the centre of gravity of the whole system,
and is perhaps the most fundamental of all ways of expressing them, showing
most clearly the underlying physical assumption. This equation (38) is quite a
plausible assumption for one to make for one’s quantum conditions, apart from
the fact that it is derivable from equations (12), which were set up from analogy
with the classical theory, on account of its simplicity and generality and the fact
that it leads at once to the law of the conservation of momentum. When there
are no external forces acting on the system, we see from the definition of d,, that
it does not depend on the time ¢. Equation (38) then shows that the momentum
does not depend on t and is therefore constant.

37. The Time-displacement Operator.

Corresponding to the space-displacement operator d, of the preceding section,
we now introduce an analogous time-displacement operator d;, defined as follows.
If ¢ is any ¥-symbol, we form the time-displaced -symbol 1, by supposing all
the apparatus used in preparing 1; to be set in motion a time 6t later and all
varying external forces acting on the system up to time ¢ to be retarded a time dt.
The state of the system after this time ¢ will then be our 1)5. We now take the limit
of (1py—1)1)/dt and define it to be dy1p;. We can consider d; to be an observable and,

*additive’ omitted
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as in the case of d,, can show that it is an imaginary® observable and that it is
completely defined except for an arbitrary, imaginary¥ numerical constant.

By means of this d; we shall deduce the equations of motion of the system.
In this way we shall establish the form of these equations without anywhere making
use of classical analogues. We introduce the real observable H defined by

Thus Hip = —ihd) (41)

for arbitrary 1. If we now take any observable £ that is the value at time ¢ of some
dynamical variable and apply (41) to the ¥-symbol 1, we obtain

HEp = —ihd &y,
We can evaluate the right-hand side here by the method used for deriving (39),

or more directly by making use of the fact that the ordinary law for the
differentiation of a product applies to the operator d;, so that

HEp = —ih(di) — ih&(dyi)).
It is now easily seen that d;§ is just the ordinary time differential coefficient 5

(This is to be contrasted with the corresponding result for the d, operator, namely,
d, = —0&/0x.) We thus obtain

HEY = —ih&p + EHY,
which gives ih§ = ¢H — HE.
This is of the same form as (13), with for Hamiltonian just the H defined in terms
of the time-displacement operator d; by (40).

The above argument is quite general and shows that the equations of motion for
any dynamical system are expressible in terms of a Hamiltonian in the form (13),
whether this system is one that has an analogue in the classical theory and is
describable in terms of canonical co-ordinates and momenta or not. The general
dynamical system in quantum mechanics is thus one in which the dynamical
variables satisfy arbitrary commutability relations, and there is a Hamiltonian
which is an arbitrary real function of them. More generally still, we may have
a system in which the Hamiltonian cannot be expressed as an analytic function
of dynamical variables and can be specified only through its representative in
some representation, which representative may be an arbitrary Hermitian matrix.
An example of a system of this more general kind is provided by the problem,
considered in Chapter XII, of the interaction of a photon with an atom.

Corresponding to equation (37) we can prove the result

0

d, = ——.
! ot

(42)

§¢pure’ omitted
Tpure’ and ‘additive’ omitted
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We must first give a meaning to the operator 0/0t applied to a t-symbol,
which we can do with the help of a representation in which a complete set of
commuting observables qi¢, qa, ..., qu are diagonal, which observables must be
the values at time ¢ of a set of dynamical variables ¢, ¢o, ..., ¢, (which need not
necessarily have conjugate momenta py, pa,..., p,). The representative of any
y-symbol ¢ will now be a function of the n variables ¢}, g5, . .., ¢,;, the form of
this function depending in general on ¢. Thus we can regard this representative as
a function of the n + 1 variables ¢}, ¢}, ... ¢, t, and as such can differentiate it
partially with respect to t and define the resulting function to be the representative
of OY/ot. We get in this way a general definition of the operator 9/0t in
which there is, of course, a considerable amount of indefiniteness, owing not
only to the arbitrary phases of the representation but also to the fact that
we can take different sets of ¢’s to be diagonal and will then in general get
different results. We are interested, however, in only one of the operators 0/0t,
this being the one that is given when the phases of the representation do not
depend explicitly on ¢, so that when a time displacement ¢t is applied to a state,
the ¢, si-representative of the displaced state is the same function of its variables
;.5 that the g-representative of the undisplaced state is of its variables g;.
Thus to obtain the g;-representative of the displaced state we must substitute t —dt
for ¢t in the ¢,-representative of the undisplaced state, considered as a function
of the n + 1 variables ¢;, ¢5,..., ¢, t. There is now complete analogy with
the z-displacement case, so that (42) follows in the same way as (37). The validity
of (42) shows that the operator 9/0t defined by a representation with phases
not explicitly dependent on t is independent of which set of ¢’s are diagonal in
the representation. If we have one representation giving a 0/0t operator that
satisfies (42), we can obtain another by making any canonical transformation for
which the transformation function does not involve t.
From (41) and (42) we obtain

oy

This may be regarded as an alternative way of expressing the equations of motion
of the system. Expressed in terms of representatives, it gives us’

. 8 / / 7 7 7
i ) = [ (@1H16) da! (o). (44

an equation which shows how the representative (q;|) of a state, considered as
a function of the n + 1 variables ¢}, ¢}, ..., ¢, t, varies with ¢. When the g, have

TThe case of continuous ¢’’s is taken for definiteness, the usual modifications in the notation
being required for the discrete case.
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conjugate momenta p,, it reduces to the ‘ordinary’* differential equation
0 0
h—(q;|) = H| q;, —ith— | (q}]). 45
i il = 1 (i) () (49

This equation was discovered by Schrodinger and is known as Schridinger’s wave
equation. It is very useful in applications of quantum mechanics since its solutions
have an immediate physical interpretation, the square of the modulus of any
solution giving the probability of the ¢’s having specified values for one particular
state throughout all time. It is called a wave equation because in many elementary
examples, as will be seen in the next chapter, its solutions are of the form of
waves moving through g¢-space. For this same reason the solutions are called
wave functions, even also in those examples where they have no resemblance
to waves.

When the Hamiltonian does not involve the time explicitly, the wave equation
in the form (45) or in the more general form (44) will have solutions that vary
periodically with the time, according to

(') = (¢')oe™ ™", (46)

where W’ is a number and (¢'|)o is independent of ¢. The equation that (¢'|)o must
satisty is

W () = / (d|H1d") dd" (@' o

/ . 8 /

But this is just the equation for determining the eigenvalues of H, namely,
equation (29) with H for f. Thus W’ is an eigenvalue of H or energy-level of
the system and (¢'|)o is an eigenfunction of H.

38. Heisenberg’s Matrices

In the preceding section we dealt with a g;-representation, defined by observables
q; that are the values at time t of a set of dynamical variables q. We saw
that if the phases of the representation are suitably chosen, then Schrodinger’s
equation holds, in the form (44) or (45), in which case the representation may
conveniently be called a Schrédinger representation. The condition for the phases
is such that, when a state is given a time-displacement 0t, the ¢, s;-representative of

fquote marks added
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the displaced state is the same function of its variables g, 5, as the g-representative
of the undisplaced state is of its variables ¢;. This condition will hold in
an analogous form for observables. 1f we take an observable & which is the value
at time t of a dynamical variable &, then the displaced observable will be & 4;.
We shall then have that the ¢, s-representative of the displaced observable,
namely (q;,5|&+6tq),s,), is the same function of its variables ¢, 5 & ¢, 5, as
the g;-representative of the undisplaced observable, namely (q}|&|q)), is of its
variables ¢; & ¢/. This means simply that the form of the function (¢;|&|q))
of the variables ¢; & ¢ is independent of t. More concisely, one can say that
the Schridinger representative of & is independent of t.

In general, when one wants a representation of observables, the Schrédinger one
would not be a convenient one to take, since it refers to a definite time ¢ and gives
simple representatives only for those observables & referring to the same time ¢.
A convenient representation would now be one which makes no reference to any
time ¢, so that observables &, n,, ..., referring to different times ¢4, ¢, ..., could
all be represented simultaneously and would all be on the same footing. For such

a representation we should have
o) = 4 ') o). (47)
dt

(,d&
o | ==

dt

Such a representation can easily be obtained when the Hamiltonian does not
involve the time explicitly. In the general case it is not so easy and is therefore
then not very useful.

When H does not involve the time explicitly we can take for the observables
« that are diagonal in our representation a complete set of commuting dynamical
variables that are constants of the motion. Then H will commute with the a’s
and will be a function of them, represented by a diagonal matrix

(o/|H|a") = H Sy,

H' being written for H(a'), for brevity. Our representation will now be one that
is independent of ¢ (provided the phases are independent of t), so that equation
(47) holds. There is now a simple law for the variation of the matrix elements of
& with ¢. From the equation of motion (13) we obtain

in(o|€|a") = (/[¢|a”) H" — H'(/|€|a"),

which, with the help of (47), becomes

d
ih— ([€]a”) = —(H' — H")(/[¢]a”).
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Hence (o/|£]”) varies with ¢ according to the law
(o/[ela) = (o/elayoe" "1, (18)
(/|€]a’) being independent of t. The variation is thus periodic with the frequency
\H' — H"| J2rh = |H' — H"| /h. (49)

This scheme of matrices, in which the Hamiltonian is diagonal and the matrix
elements all vary with the time according to the law (48), was discovered
by Werner Heisenberg in 1925 and was historically the first form of
quantum mechanics.

A diagonal element (o/|€]|a’) does not vary with the time. This diagonal element
is the average value of ¢ for a fundamental state ¥ (o) of the representation.
Thus for each fundamental state 1)(«’) the average value of any dynamical variable
¢ is a constant. The probability of £ having any specified value is therefore also
constant, since this probability is determined by the average value of functions
of & Thus each ¥(a/) is a stationary state according to the definition of §3.
The fundamental states of a Heisenberg representation are stationary states.
Any eigenstate of H may be taken as a fundamental state of a Heisenberg
representation and is therefore a stationary state.

The matrices of Heisenberg’s representation fit in very well with
the ‘anschaulich’ forms of quantum theory in existence before quantum mechanics,
in particular with Bohr’s theory of the atom. The fundamental states of
the representation are Bohr’s stationary states (which are really stationary,
of course, only so long as one neglects the interaction of the atom with radiation)
and the eigenvalues of H are Bohr’s energy-levels. It follows that the frequency (49)
of matrix elements referring to two states o/ and «o” is that of the quantum of
radiation emitted or absorbed according to Bohr’s theory when the atom makes
a jump from one of these states to the other, as was assumed by Heisenberg in
his first work on quantum mechanics. There now arises a strong correspondence
between the matrix elements representing any dynamical variable and the Fourier
components of that variable in the classical theory for a multiply-periodic system.
This correspondence led Heisenberg to the assumption that the rate of spontaneous
emission of radiation of a system in the quantum theory can be obtained
from the classical formula if one substitutes in this formula for the Fourier
components of the total electric displacement of the system the corresponding
matrix elements. According to this assumption, a system having an electric
moment D (a vector) will, when in the state o/, emit radiation of frequency
v = (H — H")/h, where H" = H(<") is an energy-level, less than H’, of some
state o, at the rate

(o' IDa")". (50)
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Also the distribution of this radiation over the different directions of emission and
its state of polarization for each direction will be the same as that for a classical
electric dipole of moment

(a'[Dla”) + (a”|DJa’).

To interpret this rate of emission of radiant energy according to Bohr’s theory,
we must divide it by the quantum of energy of this frequency, namely hv, and
call it the probability per unit time of this quantum being spontaneously emitted,
with the atomic system simultaneously dropping to the state o of lower energy.
A justification for these assumptions of Heisenberg will be obtained in Chapter XII,
where a quantum treatment of the interaction of an atomic system with radiation
will be given.

By altering the phases in a Heisenberg representation we can pass to
the Schrédinger representation in which the same a’s are diagonal. Let us see
what is the connexion between the phases in the two cases. In the Schrédinger
representation the representative of any state will satisfy the wave equation

0 mno_ / " AN & (YN
ih= (']) = Y (/| Hla") (")) = H'(o/]),

a/l

which can in this case be integrated directly and gives
(O/D _ (Oé/‘)oe—iH’t/h7

where (/|) is independent of t. On the other hand, the representative of a state
in the Heisenberg representation will not depend on ¢, since the representation
and also, of course, the state do not in any way depend on ¢t. Hence the phases
of the Schrodinger representation are e~*#'*/" relative to those of the Heisenberg
representation, a result which could have been obtained alternatively from
a comparison of (48) with the fact that the Schrodinger representative of
& is independent of t. There is thus a difference between the phases of
the Heisenberg representation, which are totally independent of ¢, and those of
the Schrodinger representation, which are explicitly independent of t. The explicit
independence of ¢ for the Schrodinger representation means simply that any matrix
in this representation represents a function of the dynamical variables that does
not involve ¢ explicitly.
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39. The Free Particle

IN this chapter we shall consider some simple dynamical systems according to
quantum mechanics. The simplest of all systems is that of a particle in free
space. For this system we may take as dynamical variables the three Cartesian
co-ordinates w, y, z and their conjugate momenta p,, p,, p.. The Hamiltonian
in classical mechanics, when one takes into account the variation of the mass of
the particle with its velocity required by the principle of relativity, is

H = c(m®c +p2 +p2 +p2)}, (1)

where m is the rest-mass of the particle and c¢ is the velocity of light,
and the positive square root is taken. This Hamiltonian may be taken over into
the quantum theory when one gives the meaning of §16 to the positive square root,
which one can do since the eigenvalues of m?c? + p? + pf/ + p? are all positive.

The momenta p,, p, & p, commute with H and are thus constants of
the motion, as in the classical theory. Again, the co-ordinates x, y & z vary
according to the equations

c? c? c?

the same as in the classical theory. These equations may be verified in the quantum
theory by an application of equation (16) of §34, which equation, as remarked
at the end of that section, holds also for functions that are not expressible as
power series. The general proof of this equation, however, required the use of
a representation. It is of interest to notice that we can deduce (2) by working in
abstract symbols and not making any use of representations, in the following way.
We have by a direct application of the quantum conditions

vH? — H*x = A(ap? — p2a) = 2ihc’p,, (3)
or (rH — Hx)H + H(xH — Hx) = 2ihc*p,. (4)

114
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Now H commutes with p, and hence from (3)

(xH? — H?2)H — H(zH?* — H?z) = 0,
which gives (xH — Hr)H? — H*(zH — Hx) = 0.

We must now use the condition that (m*c® + p? + p; + p?)% being defined
as a square-root function, commutes with everything that commutes with
m*c® + p2 + p, +p?, i.e. H commutes with everything that commutes with H?
We have just seen that H? commutes with 2 — Hz and hence H must commute
with ©H — Hz. We can now infer from (4) that

vH — Hx = ihc®p, /H,

which gives the first of the equations (2). We thus have an illustration of the
fact that any result that may be obtained with the help of a representation
can also be obtained from the abstract symbols alone without reference to
representations, but that the method with a representation may be much quicker
and more convenient.

The Schrodinger equation for the Hamiltonian (1) is'

. a _ 5 o ) 82 32 82 3
Zhat(ID_C{mc h <8$2+8y2+622 ($|)? (5)

where the = in (z]) stands for z, y and z. We have here on the right-hand side
the square root of an operator involving d/0x,... which square root cannot be
expressed as a power series that is valid for the whole range of eigenvalues of p,,
py & p., namely —oo to co. To give a meaning to such a function of an operator
we should in general have to make a canonical transformation to a representation in
which the observable corresponding to this operator is diagonal, when the meaning
would be as given in §15. Our present example is, however, sufficiently simple for
this not to be necessary. We can write down solutions of (5) immediately, namely

(z]) = aexpi(pla + pyy + plz — W)/, (6)
where p,, py, p., W' are numbers satisfying
W2 = A(mc + pl? +pi? +pl), W' >0

and a is an arbitrary number. The general solution of (5) can be expressed as
a sum or integral of solutions of the form (6).

tThe primes are omitted from the variables in the wave function. This is permissible when
it does not lead to confusion.
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The state represented by (6) is an eigenstate for the components of momentum,
belonging to the eigenvalues p/,, p;, & p’. The corresponding value for the energy
is W'’ The representative (6) is, in fact, of the same form as the transformation
function (36) of §35. Thus the state of a particle moving in free space with a given
momentum is represented by plane waves of the type (6), the direction of motion
of the waves being determined by (pl,p,p.), the momentum of the particle.
The probability of the particle being found in any specified volume dzdydz at
time ¢ is proportional to |(z|)|” dzdydz and is thus independent of the position of
this volume. The wave-length A of the waves is given by

A e i (7
where P’ is the magnitude of the momentum of the particle, and their frequency
v is given by

v=W'/h. (8)
Thus their velocity u is
u=\v=W/P =c/v, (9)
where v is the velocity of the particle.

The fact that the velocity of the waves and the velocity of the particle both
lie in the same direction and are connected by the relation (9) holds, of course,
in all Lorentz frames of reference. It was this relativity invariance which first
led Louis de Broglie, before the discovery of quantum mechanics, to postulate
the existence of waves of the type (6) associated with the motion of a particle,
which waves would control the particle in the same way in which light-waves
control photons. The case of the photon may be obtained from that of the free
particle by taking the rest-mass m equal to zero. The waves (6) then become just
the light-waves associated with the photon, apart from polarization considerations
and the fact that they involve an imaginary exponential instead of a sine or cosine.

40. Wave Packets

By superposing a number of solutions of the type (6) belonging to different values
of the momentum p’ lying in the neighbourhood of a given value, one can obtain
a solution that, at every instant of time, vanishes (approximately) everywhere
outside a certain finite region. Within this region the waves are approximately of
a single wave-length, corresponding to the given value of p’. This solution thus
forms a group of waves or wave packet. The velocity V of such a wave packet is
not equal to the velocity of the waves, but lies in the same direction and is given
by the hydrodynamical formula for group velocity

dv
Y=y
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With the help of (7) and (8), this becomes

02 Pl

!/
_ v = ci(mQC2 + PP = W

AP dP
Thus the group velocity is the same as the velocity of the particle.

This important result was first obtained by de Broglie. It is capable
of wide generalizations. If we have any dynamical system describable by
a Hamiltonian H(q,p), which is an arbitrary function of canonical ¢’s and p’s,
then, if it is permissible to treat Planck’s constant h as small so that terms
involving it as a factor may be neglected, the Schridinger equation will admit
of solutions consisting of wave packets whose motions are along the trajectories of
the classical theory. The proof is as follows. The Schrédinger equation is

v

= .

iﬁ%(tl\) = H(CL ﬂha%) (q)- (10)

We express the Schrodinger function (g¢|) as though it were of the form of
waves, thus

(ql) = "4,

where A and S are real functions of the ¢’s, which give the amplitude and phase
respectively. The effect of the operator —ih d/0q, on (q|) is now

0 /1 os .. 0
— = ¢t - A 11
m@qr (q]) = e <8qr maqr> (11)

and that of the operator ih0/0t is

1o s (95 40
zhat(q|)—e ( at—l—zhat)A.

If f is any function of the operators —ihd/0q, expressible as a power series,
one finds readily by repeated applications of (11)

0 [0S 0
_ _gsihp( 22 A
f( maqr)@n ‘ f(é,qr maqr)

Thus (10) becomes, after removal of the factor /",
S 9, S 0
L L ins ) A=H(q, 2 —in A 19
( ot Hh@f) (q’ dq Zh@Q) (12

The right-hand side, considered as a function of the (0S5/0q — ihd/0q)’s may be
expanded by Taylor’s theorem as a power series in &, which we are supposing to be
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a small number. The terms in this expansion are alternately real and imaginary."
If we neglect all except the first two and equate these to the real and imaginary?
parts of the left-hand side of (12), we obtain

oS 0S
—E = H(QJ 8_q> (13)

DA = OH(q,05/0q) DA

and T .
ot . 0(0S/0q,) 0g.

(14)

Equation (13) is just the Hamilton-Jacobi equation of classical mechanics.
Thus the phase of the Schrodinger wave function is given by the principal function S
of the Hamilton-Jacobi theory when one counts h as small. Equation (14) is the one
that governs the amplitude A of the wave function. It shows that for any solution
S of (13) the amplitude remains constant along the trajectories given by

dg,  O0H(q,05/0q)
dt ~  9(05/9q,)

(15)

but is otherwise arbitrary. Thus we can take A to vanish everywhere except on
a certain group of neighbouring trajectories, along each of which it must have
a constant value. We obtain in this way a solution of the wave equation that
at any time vanishes everywhere outside a certain small region. There is a limit
to how small this region may be, imposed by the approximations we have made.
Our neglect of later terms in the Taylor expansion of the right-hand side of (12)

is justified only provided
0 08

h 8qA < 9 A.

This requires that A shall vary by an appreciable fraction of itself only through
a range of ¢ in which S varies by many times A, i.e. a range of ¢ consisting of many
wave-lengths of the wave function. Thus our solution of the wave equation that
vanishes everywhere outside a certain small region is of the nature of a wave packet.
The motion of this wave packet is given by the trajectories (15), which are,
when one remembers that 05/0q, is playing the part of p,, just the trajectories of
classical mechanics.

For the system consisting of a free particle, a wave packet represents a state
for which both the position and the momentum have definite numerical values
to a certain limited degree of accuracy. Such a state is of the kind that usually
occurs in practice, particularly if the particle has a large mass, since one usually
knows roughly both the position and the momentum of a particle with which

Tpure’ omitted
¥pure’ omitted
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one is dealing. If Ax is the order of magnitude of the size of the wave packet,
then, when one resolves the packet into its Fourier components, the wave-lengths
of the different components will be distributed over a range of order

AN = N2/Az.

From (7) this corresponds to a distribution of the momentum of the particle over
a range of orderf

Ap=h/\*- A\ = h/Az.
Thus we have ApAx = h, (16)

which shows there is a theoretical limit to the accuracy with which both
the position and momentum may have definite numerical values together.
The relation (16) is known as Heisenberg’s principle of indeterminacy. It shows
how, the more accurately the position of a particle is known, the greater
the indeterminacy in its momentum and vice versa. One would expect a principle
of this type to hold simply from the quantum condition

xp — pr = th.

It should be understood that (16) holds only in the most favourable case and
that the indeterminacies may be much greater than is implied by this equation.
In fact if one takes a wave packet for which (16) holds at one instant of time,
in course of time this packet will spread and Ap Ax will increase. For a discussion
of this spreading and for a treatment of the motion of wave packets representing
particles in fields of force, the reader is referred to papers by Earle Hesse Kennard
and Charles Galton Darwint

Heisenberg’s principle of indeterminacy applies also to general dynamical
systems describable by means of canonical ¢’s and p’s. We have seen that such
systems have states represented by wave packets moving in g-space. Any such
state is one for which both the ¢’s and the p’s have numerical values to a certain
degree of accuracy, the orders of magnitude of the minimum indeterminacy Ag, in
a co-ordinate ¢, and Ap, in the conjugate momentum p, being connected by

Ap,Ag, = h. (17)

te replaces‘.’

tSee Kennard, E.H. Zur Quantenmechanik einfacher Bewegungstypen. Z. Physik 44, 326-352
(1927). https://doi.org/10.1007/BF01391200; and Darwin, C.G. (1927). Free Motion in the Wave
Mechanics.  Proceedings of the Royal Society A: Mathematical, Physical and FEngineering
Sciences, 117(776), 258-293. doi:10.1098/rspa.1927.0179
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This general relation may be deduced in the same way as (16) from the connexion
between the size of a wave packet and the indeterminacy in the wave-length of its
waves, or it may be inferred directly from the quantum condition

qrPr — Prdr = ih.

The states dealt with in classical mechanics, of a system composed of massive
particles or bodies, are represented by these wave packets and (17) gives the limit
of accuracy of the classical treatment.

41. The Harmonic Oscillator in One Dimension

We shall now consider the problem of the harmonic oscillator in one dimension.
The Hamiltonian for this system in classical mechanics is*

H =1/2m - (p* + m*w?¢?) (18)

where m is the mass of the oscillating particle and w is another numerical constant,
equal to 27 times the frequency. This Hamiltonian can be taken over into
the quantum theory and must then be supplemented by the quantum condition

qp — pq = ih (19)

to give a completely determinate problem.

The equations of motion are easily verified to be the same as in
the classical theory. We must now determine the eigenvalues of the Hamiltonian H.
This question is the same as that dealt with in §29, there being a difference only in
the numerical constants, on account of the i in (19) and the 2m and m2w? in (18).
The present ¢ is (h/mw)? times the ¢ of §29 and the present p is (hmw)? times
the p of §29, which results in the present H being $hw times the (p* + ¢*) of §29.
Thus from the result that the (p*4¢?) of §29 has the eigenvalues 1, 3, 5, ..., we can

infer that the present H has the eigenvalues
1 3 5
shw,  Shw,  Shw,....

These are the possible values for the energy of a harmonic oscillator in
the quantum theory.

We shall now obtain the Heisenberg matrices representing p and ¢. These can
be obtained readily from equations (34) of §29. Allowing for the change in the

*¢.> replaces ‘.’
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numerical constants and remembering that the A of §20 is equal to (2H/hw — 1),
we find

(H'lpl '~ o) = (hm)b(H' — 3o hei 1+
(H' = tlp| H') = (3m)}(H' — Jhuo)e ) (20)
(H |Q|Hl ) —Z/(Qm)%w . (H’ 1hw) i(wt+)

(H' — huolg| H') = i/ @m)Pw - (H' = bl

when the correct time-factors are included. In the classical theory we have,
when we express p and ¢ as Fourier series,

= (2mH)? cos(wt + ) — (AmH) ) 4 ittty
q = (2H/m)*w ™ sin(wt +v) = (H/2m)bw™{—ie' @) 4@y

This shows up the correspondence between the Fourier components of the classical
theory and the Heisenberg matrix elements. The classical Fourier components are,
of course, equal to these matrix elements when one neglects h.

If the oscillator carries an electric charge e, its electric moment will be eq.
According to Heisenberg’s assumption, given in §38, for the spontaneous emission
of radiation, the oscillator will then emit only radiation of frequency w/27m since
all the matrix elements of ¢ vanish except those mentioned in (20). This result
is the same as in the classical theory. When the oscillator is in a state of energy
H' = (n+ %)hw, or, as we may say, when it is in its n-th quantum state, its rate
of emission of radiation, according to (50) of §38, will be

4wt & 2he%w?
wh o€ (H'—%hw): €“wW

(21)

3 3 2mw? 3mc3

giving a probability* 2¢2w?/3mc® - n per unit time of the oscillator jumping from
state n to state n — 1. In the state of lowest energy, for which n = 0, there is no
emission of radiation.

In the classical treatment of periodic and multiply-periodic dynamical systems
it is often convenient to make use of action and angle variables. We can introduce
corresponding variables in the quantum theory. In our present problem of
the harmonic oscillator we can define the action variable J by

J = H/w — h. (22)

It is a constant of the motion and its eigenvalues are integral multiples of A
greater than or equal to zero. Thus its matrix representative in the Heisenberg
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representation is

00 0 0 0
0OrR 0 0 O
00 2 0 O
00 0 3r 0
00 0 0 4n

when the rows and columns are arranged in order of ascending energy-levels.
To define the angle variable we introduce the two matrices

00 0O0O 01000
10000 00100
01000 00010
001O0O0 0 00O0T1
00010 000O0O

in which the non-vanishing elements are just to the left and just to the right
of the principal diagonal respectively, and call the variables that they represent
at time ¢t =0, €™ and e ™ respectively. These two matrices are conjugate
complex, according to the definition of §21, and thus represent conjugate complex
observables, in agreement with what is implied by the notation of €™ and e~*.
This notation implies further, however, that the two matrices are the reciprocals of
one another and this is not altogether true. The matrix representing the product
e~ el ig, in fact, just the unit matrix, but that representing e~ differs from
the unit matrix through having zero for its first diagonal element. Thus

e =1, Me ™ £ 1. (23)

The variables e & e~ ™, defined above through their matrix representatives,
are the best quantum analogues that we can get to the exponentials of i and
—1 times the angle variable of the classical theory. They have many properties
analogous to those of their classical counterparts and their only serious defect is
that e®e~™ is not quite equal to unity. Thus, for example, we obtain at once from
the matrices the relations

(24)

e J = (J — h)e™,
e J=(J+he ™

which are equivalent to the classical relations

[e™, J] = ie™, [e™™ J] = —ie™ ™
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Equations (24), when compared with equation (28) of Chapter II, are seen to be
consistent with the view that J and w are conjugate dynamical variables satisfying
the relation

wJ — Jw = ih,

although actually this relation is meaningless since we cannot define w itself but
only e*™ Again, the dynamical variable e at an arbitrary time ¢ must be
represented by a matrix whose elements vary with ¢ according to the Heisenberg
law e/H'=H")t/I Since all the matrix elements vanish except those referring to
consecutive energy-levels for which H' — H” = hw, every matrix element will vary
with the time according to the law e™% This corresponds to the fact that in the
classical theory w increases linearly with ¢ at the rate w.

The co-ordinate and momentum ¢ and p can be expressed in terms of the action
and angle variables. The momentum p, for instance, is, according to (20),
represented by the matrix

(dmhw)>- |0 1 0 0 0
1 02 0 0
0 v2 0 3 0
0 0 3 0 2
0 0 0 2 0

with disregard of trivial phase factors, and hence

p = (3mw)?(J2e™ + e JP),
Similarly q = (2mw) (=i J2e™ + ieT M TP,
We see from these equations that p and ¢, when expressed in terms of the action
and angle variables, involve them only through the two combinations J*e™
and e~ J% Further, all dynamical variables that we may have to deal with
to obtain any physical result must be functions of p and ¢ and will therefore,
when expressed in terms of the action and angle variables, involve them only
through the two quantities J*¢' and e J: Now it is easily verified from
the matrix representatives that these two quantities are respectively equal to

JEe™ = e (J + h)?
and eI = (J + h)%e‘““}
and that their products in either order aref

J gm0 I =

e JRe = (J+ Rh)e T . e™(J + h)} = J+h

te replaces ¢’

(25)

(26)
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These results hold in spite of the inequality in (23). They show that when we
are dealing with dynamical variables of physical importance, which can involve
the action and angle variables only through the two quantities J2e™ and e~ J3,
we may count e and e~™ as truly reciprocal quantities without getting into error.
Thus we can freely use the action and angle variables in complete analogy with
the classical theory without getting incorrect physical results.

The wave equation for the harmonic oscillator with Hamiltonian (18) is

0 1 0?
h— - —h2— 2w2 2 ]
i (ol = 5 {5 + e | o)
The wave functions representing stationary states will be the periodic solutions
of this equation, for which the operator i J/0t is the same as multiplication by
the energy-level H'. They will thus satisfy

1 o
H'(q)) = —{ -hr"=— 203 q? . 27
() = g { =15+ e ) 27
The general solution of this equation has been given by Erwin Schrédinger.* We
shall here obtain some of the solutions representing states of lowest energy for use
in the next section.

Equation (27) reduces to

2 ¢ 2n+1
4 =0 28
{dq2 al a2 } (q|) ) ( )

where a? is the number i/mw and H’ has been put equal to (n + 1)hw. Put

(al) = flg)e />
Equation (28) now becomes
d*f df q 7> 1 ¢ 2n+1
A S 7 _ 2 _1 —
dq? dq a? +f [a‘l a? + a* + a? J=0

or & _,ad 2
dq? a?dq = a?

f=o.

The solution of this equation, when n is any non-negative integer, is a finite power
series in q. For
n=0, 1, 2, 3,...

*Schrodinger, E. (1926). Quantisierung als Eigenwertproblem. II Annalen Der Physik,
384(6), 489-527. d0i:10.1002/andp.19263840602 on page 514 equation 22
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the solutions are easily verified to be

f(Q) :17 g, QQ—%CL2, 3_%(]@27""

The successive eigenfunctions are thus

—q2/242 02 /942
(ql0) = e/, (q1) = ge 7/ }
2

. ) (29)
(q2) = (¢* — La®)e /% (qI3) = (¢* — 3qa®)e /2" ...

42. The Harmonic Oscillator in Two Dimensions

Let us now suppose the harmonic oscillator of the preceding section can vibrate also
in a second direction, at right angles to the first, with the same frequency w/2m.
We shall then have a harmonic oscillator in two dimensions, whose Hamiltonian
ist
H=1/2m- (p? —l—p;) + dmw? (2% + ), (30)
where x and y are the co-ordinates and p, and p, the conjugate momenta.
The study of this system is of interest as it provides beautiful examples of
the superposition of states and also it can be applied to the problem of the
polarization of a photon.
The Hamiltonian (30) can be regarded as the sum of the Hamiltonians of two
separate dynamical systems, namely, the two one-dimensional harmonic oscillators
with the Hamiltonians*®

H,=1/2m - (p2) + mw?z? H,=1/2m- (p) + dmw’y> (31)

On account of this fact there is a simple connexion between the eigenfunctions of
the H of (30), representing stationary states of the whole system, and those of
the H, and H, of (31), representing stationary states of the component systems.
Let us first consider the general case of a system whose Hamiltonian H can be
regarded as the sum of the Hamiltonians H, and H, of two separate dynamical
systems, i.e.

H = H, + H,,

where all the observables in H; are different from and commute with all those
in Hy. We can now choose a complete set of commuting observables defining
a representation, consisting of some observables ¢; that occur only in H; and some
¢2 that occur only in H,. This will result in the representative of H being of
the form

(B HId{d5) = (q1|H1lay)0(q5 — q3) + 0(ay — a7 ) (a3 Halgz), (32)

< replaces ¢
Sround brackets are included in analogy with (30)
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if we take the case of continuous ¢ for definiteness. Now let (¢'|H;) and (g5|H))
be eigenfunctions of H; and H, respectively, belonging to the eigenvalues H; and
H}, so that

[l da (1) = (0|,
[ @a1a3) dag (@h112) = 3Gz ).
We shall then have from (32)
/ / Gyl Hlg'el) dg! g (¢! )| H))
— [ Ia) de (1D 1) + (1) [ (a3l Hala) d (0512

= H\ ()| H}) (g5 H3) + Hy(qy|Hy) (g Hy).

This shows that the product (q¢;|H])(g5|HS) is an eigenfunction of H belonging
to the eigenvalue H| + H}. The product of eigenfunctions of the Hamiltonians of
each of the component systems is an eigenfunction of the Hamiltonian of the whole
system, the corresponding eigenvalue being the sum of those for the components.
The physical meaning of this result is, of course, that when the component systems
are in stationary states, the whole system is also in a stationary state, whose energy
is the sum of those of the components and whose representative eigenfunction is
the product of those of the components.

Let us apply this general result to our problem of the two-dimensional
oscillator. We have already in the preceding section considered the eigenfunctions
of Hamiltonians of the form of H, and H,. Let (z|n,) and (y|n,) be
eigenfunctions of H, and H,, labelled by the quantum numbers n, and n,,
the corresponding energy-levels being H, = (n, + 3)iw and H) = (n, + §)hw
respectively. Their product

will then be an eigenfunction of the Hamiltonian H of (30), belonging to
the eigenvalue
H' = H, + H, = (n, +ny + 1)hw.

Thus the eigenvalues of H are integral multiples of Aiw greater than zero. Each of
these eigenvalues (except the lowest one fw) belongs to several eigenfunctions,
corresponding to the various possible ways of choosing n, and n, to have a given
integer as sum. There are thus several stationary states with the same energy.
A system for which this is the case is called degenerate.

Let us now examine the eigenfunctions of some of the states of low energy, using
the results (29) for the eigenfunctions for the one-dimensional oscillator. The state
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of lowest energy hw has the quantum numbers n, = 0, n, = 0 and is represented
by the eigenfunction

(2]0)(y]0) = e v/ (33)

There is only one state belonging to this energy-level, which is therefore
non-degenerate. The next lowest energy-level 2hw has two independent states
belonging to it, corresponding to the two sets of quantum numbers n, =1, n, =0
and n, = 0, n, = 1. The two eigenfunctions are

(IL'| 1) (y|0) = :)je_(552+y2)/2a2’}

(31)
(4]0)(y]1) = e~ 1"

We can take any linear combination of these two eigenfunctions and get
another eigenfunction representing another stationary state belonging to the same
energy-level 2hw.

Our two-dimensional harmonic oscillator has circular symmetry about
the origin in the xy plane. Hence, if we take a new set of rectangular Cartesian
co-ordinates x* = xcosf + ysinf, y* = xsinf — ycos#, the wave functions in z*
& y* will be of the same form as those in z & y. The stationary state of energy
2hw for which the x* component of oscillation is in the one-quantum state and
the y* component in the zero-quantum state, i.e. for which n,* = 1, n,* = 0,
will therefore be represented by the eigenfunction

(%2 *2 2
e (z*°4y )/2(1'

ut this 1s equal to rcost +ysinb)e +y? 2,
B his i 1 0 in@)e (@ +v°)/2a 35

which is a linear combination of the two eigenfunctions (34).
Thus the one-quantum state of linear oscillation in any direction can be obtained
by a superposition of the two one-quantum states of linear oscillation in the x and
y directions respectively.

The essential differences in the nature of this quantum superposition from
that of classical superposition for the same dynamical system should be noted.
In the classical theory if we superpose a state of linear oscillation of given energy
in the z-direction with one of linear oscillation of the same energy in the y-direction,
the resulting state will be of double the energy, instead of the same energy as in
the quantum theory. Again, if this resulting state is one of linear oscillation, it must
be in a direction at 45° to the original oscillations and cannot be in an arbitrary
direction as in the quantum theory.

The example of quantum superposition just discussed is directly applicable
to the problem of the polarization of a photon. A photon of given frequency
moving in a given direction may be regarded as a harmonic electromagnetic
oscillation in a one-quantum state. This oscillation may be resolved into
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two perpendicular directions, corresponding to two independent states of linear
polarization of the photon, so it forms a dynamical system formally the same as
the two-dimensional oscillator investigated above. The wave functions (34) & (35)
may thus represent states of linear polarization of the photon. We see that the
state of a photon linearly polarized in an arbitrary direction # can be obtained by
superposition of the states of polarization 0 and 37w. The relative weights of these
two states in the superposition process are given by the squares of the moduli of
the coefficients of the wave functions (34) in the expression (35) and are thus as
cos?f : sin? @, in agreement with the discussion in Chapter I.

We can superpose the two states of linear oscillation represented by the two
eigenfunctions (34) in such a way as to get a state of circular oscillation in either
direction about the origin, corresponding to a circularly polarized photon. To do
this we must take the following linear combinations of the eigenfunctions (34),

( +iy)e” @22 (g )o@t/ (36)

These two new eigenfunctions will represent states of circular symmetry, as is at
once apparent from the fact that they remain invariant, except for multiplication
by a numerical factor, when one makes a transformation to the co-ordinates
x* & y*  We can determine the direction of rotation for either of these
eigenfunctions from a consideration of the angular momentum. We define
the angular momentum, as in the classical theory, by xp, —yp,. It is represented by
the operator —ih(x0/dy — yd/dx), which operator, when multiplied into the first
of the eigenfunctions (36), gives the result

—ih (xﬁ _ 0 ) (z + iy)e @ +v7)/2?

oy Yor
— —ihx {z _ w} e~ (@ +y?)/2a% | ihy {1 _ w} o~ (@ +y?)/2a°
a a

= h(x + iy)e” @ V)2

This operator is thus equivalent to multiplication by h, showing that the first of
the eigenfunctions (36) represents a state for which the angular momentum has
the value h. The second must now from symmetry represent a state for which
the angular momentum has the value —h. It should be noticed that the states of
linear oscillation represented by the eigenfunctions (34) are not states for which
the angular momentum has the value zero, as it would in the classical theory,
but are states for which there is an even chance of its having the value A or —Ah.
The state of lowest energy represented by (33) is one for which the angular
momentum has the value zero.

We can deal in the same way with the two-quantum states of energy 3hw,
of which there are three independent ones, corresponding to the three sets of
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quantum numbers n, = 2, n, = 0; n, = 1, n, = 1; n, = 0, n, = 2. The three
eigenfunctions are

(]2)(y]0) = (x2 — %a2)e—(x2+y2)/2a27

(22 442) /202
(z[D)(y[1) = e @) 262 @)
(#0)(y|2) = (v* — %a2)6_(x2+y2)/2a2'

The two-quantum state of linear oscillation in any direction x* will be represented
by the eigenfunction

(2*% — 3a2)e= /2% — {(3cos 0 + ysin0)? — ha®}em @7 HN)/2?

which is a linear combination of the three eigenfunctions (37). There are three
two-quantum states of circular oscillation, represented by the eigenfunctions

(z 4 iy)2e~ @ +7)/27 {(z +iy)(x — iy) — a®}e~ V)27
(z — iy)26—(w2+y2)/2a2_

It is easily verified that the angular momentum has the values 2h, 0, —2h for these

three states respectively.

43. The Spin of the Electron

In dealing with problems about electrons according to quantum mechanics,
one finds one does not get agreement with experiment if one assumes the electrons
to be simply point charges repelling one another according to the Coulomb law
of force. It is necessary to make the assumption that each electron is spinning and
so has an internal angular momentum, and also that it has a magnetic moment.
To make the theory agree with experiment we must assume that the eigenvalues
of the Cartesian component of the spin angular momentum in any direction are i
and —4h, and that the magnetic moment of the electron (with its sign reversed)
always lies in the same direction as the spin angular momentum and has as
eigenvalues for its component in any direction the values' eh/2mc and —eh/2me.
Thus if an electron in a certain state of spin has a spin angular momentum of
4h in a particular direction, it will have a magnetic moment —eh/2mc in this
same direction. A theoretical reason for these assumptions will be provided by
the relativity theory of the electron given in Chapter XIII. For the present we shall
merely take them as empirical results and investigate their principal consequences.

tThe e here, denoting minus the charge on an electron, is, of course, to be distinguished from
the e denoting the base of exponentials.
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Let s;, sy, s, be the three Cartesian components of the spin angular momentum.
We require quantum conditions for these three observables, to replace the classical
conditions that they all commute. In §44 the quantum conditions will be obtained
for the three components of the angular momentum about a point of a single
particle and also of a set of particles. It will be found that these quantum conditions
are of the same form for a single particle as for a set of particles, which suggests
that this form, namely equations (8) of §44, is the general one governing any
angular momentum, even the angular momentum of a spinning body. This gives
us the quantum conditions

[Sy? SZ] = S, [327 Szt] = Sy, [SI? Sy] = S8z (38)
for s;, sy, s;, which may be written alternatively
SySs — S,y = ihSy, $2Sp — S48, = thsy, SpSy — SySy = ths, (39)
and combined in the single vector equation
s X s =ihs.

There will be further algebraic relations satisfied by s, s,, s., owing to the fact
that each of these observables has only two eigenvalues 3h and —4h. Thus its
square will have only the one eigenvalue 34? and may therefore be put equal to
the number 142, i.e.

2 2 2_ 133
sy =8, =s;=1N" (40)
It is convenient to write
1 1 1
Sz = §h‘7w7 Sy = ?haya Sg = ?haza

introducing the three new observables o,, o, and o,. The magnetic moment of
the electron then has the components

eh eh eh

—0, -0 -0,
2me "’ 2me Y ome

so that these three observables o,, 0, & o, are sufficient to describe completely
the spin of the electron. They form the components of a vector o.
From (39) we find

0,0, — 0,0, = 2i0,, 0.0 — 0,0, = 2i0y, 0,0y — 040, = 2i0,,  (41)

and from (40)
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corresponding to the fact that each o has just the two eigenvalues 1 and —1.
From the first of equations (41)
2i(o,0y + 0y0,) = (2i0,)0y + 0y(2i0,)
= (040, — 0,0y)0, + 0y(0y0, — 0.0,)
= —0205 + 0202 =0,
so that 0x0y = —0y0y.
Two observables like these which satisfy the commutative law of multiplication
except for a minus sign are said to anticommute. Thus o, anticommutes with o,

and from symmetry any of the three observables o,, o,, 0. anticommutes with
any other. We now obtain from(41)

OyO, = 10, = —0,0y,
0,0, =10y = —0,0;,

(42)
Ox0y = 10, = —0y0y,

0p0y0, = 1.
We must verify that the relations (42) are invariant under a rotation of

axes, in order to show that our assumptions about the spin are permissible.
Let the components of o referred to a new set of mutually perpendicular axes be

g1 = llax + mioy + ny0o,,
oy = lao, + Mmooy, + n9o,
o3 = lgO'z + maoy + n3o,.
From (42) we now obtain
O'% = (llo-a: + mi10y + nlaz)2
=120 + m%az + nio?
+ lymy (0,0 + 0y0,) + mung(oyo, + 0,0y) + Ml (0.0, + 0,02)

=P +mi+nd=1.
Again,

0203 = (la0, + Mmooy + n20,)(l30, + Moy, + nzo,)
= lngai + mzmgO'Z + n2n30'§ + lomzo,0oy + malzoy o, + manso,o,
+ nomso .oy + nalso .o, + lanzogo,
= byl + momg + nang + i(lamg — malz)o, + i(meng — noms)o, + i(nals — lang)o,
= i(lyop + mioy + nyo,) = ioy
Thus o4, 09, 03 satisfy relations of the same form as (42).

We shall now obtain matrices to represent the spin observables o,, oy, 0.
These matrices need have only two rows and columns, since the observables they
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represent have each only two eigenvalues. If we take a representation in which o,
is diagonal, then o, will be represented by

1 0

0 -1/
a1 Qa9
as daq '

Since o, is a real observable this matrix must be Hermitian, so that a; and a4 must
be real and ay and az conjugate complex numbers. The equation o,0, = —0,0,

now gives us
aq a2 o a1 —az
—az —ay az —ay)

so that a; = a4 = 0. Hence o, is represented by a matrix of the form

0 a9
as 0)

The equation ai = 1 now shows that asas = 1. Thus as and a3, being conjugate
complex numbers, must be of the form e’ and e~ respectively, where « is a real
number, so that o, is represented by a matrix of the form

0 e
et 0 )

Similarly it may be shown that o, is also represented by a matrix of this form.
By suitably choosing the phases in the representation, which is not completely
determined by the condition that o, shall be diagonal, we can arrange that o,
shall be represented by the matrix
0 1
(13)

The representative of o, is then determined by the equation o, = to,0,. We thus
obtain finally the three matrices

(o) () ()

to represent o,, o, and o, respectively, which matrices satisfy all the algebraic
relations (42). The component of the spin vector o in an arbitrary direction
specified by the direction cosines [, m & n is represented by

(z im l _—Zm)' (43)

Let o, be represented by
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In our representation with o, diagonal, a state of spin will be represented
by a function (0’|) of the variable o/, whose domain consists of only the two
points +1 & —1. This function is thus a pair of numbers. The state for which
0, has the value unity will be represented by the function, f,(c’) say, consisting of
the pair of numbers 1 & 0 and that for which it has the value —1 by the function,
fs(ol) say, consisting of the pair 0 & 1. Any function of the variable o7, i.e. any
pair of numbers, can be expressed as a linear combination of these two. Thus any
state of spin can be obtained by superposition of the two states for which o, equals
+1 and —1 respectively. For example, the state for which the component of o in
the direction [, m, n, represented by (43), has the value 1 is represented by the pair

of numbers a, b which satisfy

na + (I —im)b = a,
(Il +1im)a —nb = 0.
This gives a l—im 1+4mn

b 1—-n Il+im’

This state can be regarded as a superposition of the two states for which o, equals
+1 and —1, the relative weights in the superposition process being as

laf* P =l—imf" - 1=n)? =1+n:1—n.

For the complete description of an electron we require the spin observables o
together with the Cartesian co-ordinates z, y, 2 and momenta p,, p,, p.. The spin
observables are assumed to commute with these co-ordinates and momenta.
Thus a complete set of commuting observables for a system consisting of a single
electron will be x, y, 2, 0,. In a representation in which these are diagonal,
the representative of any state will be a function of four variables 2/, ¢/, 2/, .
Since ¢’ has a domain consisting of only two points, this function of four variables
is the same as two functions of three variables, namely the two functions

(:E/y/Z,D-I- = (I/v y/’ Zl? +1|)7 (x’y'z/|)_ = (Ila y/’ Zl? _1|>'
Thus the presence of the spin may be considered either as introducing a new variable
into the wave function representing a state or as giving this wave function two
components.



VIII. MOTION IN A CENTRAL
FIELD OF FORCE

44. Properties of the Angular Momentum

AN ATOM consists of a massive positively charged nucleus together with a number
of electrons moving round it, under the influence of the attractive force of
the nucleus and their own mutual repulsions. An exact treatment of this dynamical
system would be a very difficult mathematical problem. One can, however,
gain some insight into the main features of the system by making the rough
approximation of regarding each electron as moving independently in a certain
central field of force, namely that of the nucleus, assumed fixed, together with
some kind of average of the forces due to the other electrons. Thus our present
problem of the motion of a particle in a central field of force forms a corner-stone
in the theory of the atom.

Let the Cartesian co-ordinates of the particle, referred to a system of axes
with the centre of force as origin, be x, y, z and the corresponding components of
momentum p,, py, p.. They satisfy the quantum conditions

[.T, y] = 07 [I, pm] = 17 [‘CE’ py} = 07
&c. The Hamiltonian, with neglect of relativity mechanics, will be of the form*
H =1/2m - (p; +py, +p2) + V, (1)

where V, the potential energy, is a function only of (2% + y* + 2?).
We now introduce the components of angular momentum defined, as in
the classical theory, by

My = YPz — ZPy, My = 2Py — TPy, mz; = TPy — YPx, (2)

or by the vector equation
m =X X p.

*¢.7 replaces *.
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From these equations we obtain at once the identity
Mz + myy +m.z = 0. (3)

We must now evaluate the P.B’s of the angular momentum components with
the observables x, p,, &c., and with each other. This we can do most conveniently
with the help of the laws (7) and (8) of §32, thus

[mzrr = [mpy - ypma'r] = _prl‘a'I] =Y, (4)
(M., y| = [xpy — Ype, y| = x[py, Y| = —7,
[mm Z} = [xpy — YPxz, Z] = 07 (5)
and similarly (M2, Da) =Dy, [Ma, Py = —Das (6)
[m.,p:] =0, (7)
with corresponding relations for m, and m,. Again
[my7 mz} - [pr — TPz, mz] - Z[pma mz] - [x7 mz]pz
= —ZPy T YDz = My,
(8)
[m,, my] = m,, (Mg, my] = m,.

These results are all the same as in the classical theory. The sign in the results (4),
(6), and (8) may easily be remembered from the rule that the + sign occurs when
the three observables, consisting of the two in the P.B. on the left-hand side and
the one forming the result on the right, are in the cyclic order (zyz) and the —sign
occurs otherwise.

From (4) and (5) we obtain

(m., a® +y* + 2% = wme, 2] + [m., 2l + yme, y] + [m2, yly
=axy+yr —yx —axy = 0. 9)

Similarly from (6) and (7) we find
[, v + vy + p2] = 0. (10)

Thus m. commutes with (z* + y* 4 2*) and with (p2 + p) + p?). It therefore
commutes with the Hamiltonian H which, according to (1), is a function of these
two observables only. Similarly m, and m, commute with H. Thus the angular
momentum is a constant of the motion, as in the classical theory.

Equations (8) may be put in the vector form

m X m = ihm. (11)

If we have several particles with angular momenta m;, m,, ..., each of them will
satisfy (11), thus
m, X m, = thm,.
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Further, any one of these angular momenta will commute? with any other, so that
m, X m, +mg, X m, = 0, (r # s).

Hence ift M = )~ _m, is the total angular momentum,

MXM:ZmTme:Zmrxmr+Z(mrxms+msxmr)

T,S r<s

:iﬁZmT — iAM.

This result is of the same form as (11), so that the components of the total
angular momentum M of any number of particles satisfy the same commutability
relations as those of the angular momentum of a single particle. Thus (11) or (8)
may be regarded as the general commutability relations satisfied by any angular
momentum. They certainly hold when the angular momentum is that of a number
of particles, and may be assumed to hold also for the angular momentum of
a spinning body, as was done in §43 for the spinning electron.
We introduce the observable k defined as the positive square root

k= (m2+m}+m2+ 10’ (12)

Equations (8) show that our observables m,, m,, m., if measured in units which
make h = 1, satisfy just the same conditions as the a, 3, v of §30, the present k
corresponding to the k of §30. Thus we can apply the results of §30 directly to
our present observables. We obtain in this way that & commutes with m,, m, &
m, and that its eigenvalues are integral or half odd integral multiples of h greater
than zero. Also for any eigenvalue k' of k, the possible eigenvalues of m,, m, or
m, are

K—1in K —3h K—3n.. -—K+1in

and are thus half odd integral or integral according as k' is integral or half odd
integral. However, by using the further condition that m,, m, & m, are of
the form (2) we can show that their eigenvalues must be integral and thus that
those of k£ must be half odd integral. We have, in fact, that m, is represented
by the operator —ih(x0/J0y — y0/0x), which, if one makes the transformation
xr = pcos¢, y = psin¢g to the cylindrical variables p, ¢, becomes the operator
—i0/0¢. The general eigenfunction of this operator is of the form f(p)e™=#/",
m’, being the eigenvalue and f(p) being an arbitrary function of p. Now it is
implied throughout our theory that an eigenfunction is a single-valued function
of its variables and hence m/ must be an integral multiple of h. Similarly it may

[But the vector product ‘anticommutes’ surely?]
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be shown that m, and m, have only integral eigenvalues. Thus the eigenvalues of
the components of angular momentum of a particle moving in an orbit must be
integral multiples of A, although those of the components of angular momentum in
the general case, which satisfy (8) but need not be of the form (2), may be either
integral or half odd integral. Those assumed in §43 for the components of spin
angular momentum of an electron were half odd integral.

The components of angular momentum in different directions do not commute
with each other, so that one cannot in general assign numerical values to them
simultaneously. One can at most give a numerical value to the component
in one particular direction. The state of the system will then be one which,
in the language of Niels Bohr’s theory, is spacially quantized in that direction.
There is, however, one special case in which one can assign numerical values to
all the components simultaneously, namely, one can give them all the value zero,
since this will not contradict the commutability relations (8). The resulting state
of zero angular momentum, with & = 3h, is then one that is spacially quantized
simultaneously in all directions.

45. Transition to Polar Co-ordinates

For further discussion of the problem of motion in a central field of force it is
convenient to introduce polar observables. We introduce first the radius r, defined
as the positive square root r= (a2 +y*+ 22)%‘

If we evaluate its P.Bs with p,, p, and p., we obtain, with the help of formula (16)
of Chapter VI,
or x

I:TJ px] = a_x = ;7 [Ta py} =

z
) {7’, pz] = ;7

BREAS

the same as in the classical theory. We could alternatively have evaluated these
P.B’s by the method given in §39 for [z, H].
We now introduce the observable p, defined by

pr =1~ xp, + yp, + 2p. — ih). (13)
Its P.B. with r is given by'

rlrop] = [r,rpe] = [r2ps + ypy + 2p:]
= x[r, | + ylr,py) + 2[r, -]
=z -x/r+y-y/r+z-z/r=r
Hence [r,p] =1
or rp, — pr = th,
t’ replaces ¢’
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so that p, is canonically conjugate r. Now the eigenvalues of 7, from its definition
as a positive square root, must be all positive or zero, so that we have obtained
a contradiction to the result, proved at the end of §19, that an observable can have
a canonical conjugate only if its eigenvalues include all numbers from —oo to oo.
This inconsistency arises from the fact that the observable p, defined by (13) does
not strictly exist, since r has the eigenvalue zero so that »~! does not strictly exist.
In spite of this defect the observable p, is a useful one for the study of motion
in a central field of force. Our equations, which will often involve p, and will
sometimes involve ~! in other ways than through p,, will be inaccurate, but only
in so far as they apply to the one point r = 0, and this is too small a region of
space to invalidate physical conclusions obtained from them.

The observable p, defined by (13) is a real one, since its conjugate complex p,
is given by

D, = P2 + DyYy + p.2 + iR
= TPy +Ypy + 2, — 2ih
=TpPr — ih = prr,

so that Dy = Pr-

We can easily verify that our two new observables r and p, commute with
the angular momentum. Equation (9) shows us that m, commutes with 72 Tt must
therefore commute also with r, since r is defined as a square-root function so that
everything that commutes with 2 commutes also with r. Again, for p, we have

T‘[p,«, mz] - [Tpm mz} - [xpx + YDy, mz]
= —YPx — TPy + TPy + Ypz = 0.
Thus r and p, commute with m_, and hence also with m, and m, and with &.
We can now express the Hamiltonian in terms of our radial observables r

and p,. and also k. We have, if > denotes a sum over cyclic permutations
of the suffixes x, y, z,

B =302 = m? =) (xp, — yp.)’

Tyz

TYZ TYZ
= (xpyapy + YpsYPz — TPyYPr — YP2TPy)
TYZ
= (2’2 + YD} — papyy — YPyPa + P} — appox — 2ihap,)
TYZ

= (@ +y°+22) (0% + 1, + p2) — (wpa + ypy + 202) (Pt + pyy + P2z + 2iR)
= (2 + p) + p2) — (rp, + ih)rp,
=r*(p} + . +p2) — P}
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2 _ 152
Hence H = L (pf + u) + V. (14)

2m r?

This form for H is such that k£ commutes not only with H, as is necessary since k
is a constant of the motion, but also with every observable occurring in H, namely
both r and p,. Thus in dealing with the Hamiltonian in this form we can treat k
as a number. The permissible numbers we can take for k are its eigenvalues and
are thus positive half odd integral multiples of h. If we write down the Schrodinger
equation for the stationary states, it will now read

[ (w2 + ) o = o, (15)

the single variable r in the wave function (r|) being sufficient when £k is
counted as a number. Any value of the parameter H' for which this equation,
with a permissible value for k, has a solution (satisfying the boundary conditions
to be discussed later) is a possible energy-level of the system. The energy-levels
(except those for which k& = 4h) are all degenerate and belong each to several
independent stationary states, corresponding to the various possible eigenvalues
of a Cartesian component of the angular momentum. The number of these states,
for any value of k, is the odd number 2k/A.

If we write down the Schrodinger equation in the original Cartesian co-ordinates
x, vy, z, we shall have

{—;—mvz—l—V}(xyzD = H'(zyz|), (16)

where V2 is the Laplacian operator 9?/9z% + 0%/0y* + 0%/02%. This becomes,
on transforming to polar co-ordinates r, 0, ¢,

{_h2<82 20 1 9 1

om \or2 T or T 2sm000 T 12sin? 000

) + V} (réo|) = H'(r6¢)).
The solutions of this equation are of the form

(r#]) = x(r)Sn(0, ¢)
where S, is a spherical harmonic of order n satisfying

(18 0 1 0?

sin 6 90 i 0% + sin? 9@) Sn(0,9) = —n(n +1)5.(0, ),

n being an integer, and x(r) is a function of r only, satisfying

{ : (5722+22_M) +V}X(T)=H’x(r)- (17)

ror r2

2m
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This equation, like (15), is such that the values of H’ for which it has a solution
are the energy-levels of the system.

The equivalence of equations (15) and (17) may be seen from the fact that
if in (15) we put (r|) = rx(r) we obtain just equation (17) with n = k/h — 3.
The fact that the two eigenfunctions (r|) and x(r) are not identical but differ by
this factor r is due to their different physical interpretations. A solution (r|) of (15)
represents a state for which the probability of the particle lying in the spherical
shell between r and r + dr is proportional to |x(r)|>72dr. On the other hand,
a solution (zyz|) of (16) represents a state for which the probability of the particle
lying in a small volume dzdydz is |(zyz|)|* dzdydz or |x(r)S.(6,¢)|> dzdydz,
so that the probability of its lying in the spherical shell between r and r + dr is
proportional to |x(r)|*r2dr. Thus the physical interpretations require (r]) to be
proportional to ry(r).

It should be noticed that not every solution of (17), when multiplied by
the appropriate spherical harmonic, will give a solution of (16), as it may fail
to satisfy (16) at the origin. One can see most clearly how this comes about
by considering the special case for which the potential V' vanishes, giving us
the problem of the free particle. If we further take H' = 0, equation (16) reduces to

V(zyz]) =0 (18)
and equation (17) to

Now a solution of (19) for n = 0 is x(r) = 1/r, but this solution multiplied by
the appropriate spherical harmonic Sy = 1 does not satisfy (18), since, although
V2(1/r) vanishes for any finite value of r, its integral through any volume about
the origin is 47, and hence

V2(1/r) = 470 (2)5(y)d(2).

Thus the solution x(r) =1/r of (19) does not represent a stationary state of
the system. Again the solution x(r) = 1/r% of (19) for n = 1, when multiplied
by the spherical harmonic S; = cosf, gives a wave function (zyz|), the integral
of the square of whose modulus over any volume, however small, that contains
the origin is infinite. This wave function must represent a state for which
the particle is certainly at the origin and this cannot be a stationary state of
zero energy for the problem of the free particle. Similarly for arbitrary n in
equation (19), of the two solutions x(r) = r™ and x(r) = r~""L the second will
not give the representative of a stationary state of the system.
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It thus appears that equation (17) is not adequate to replace equation (16)
as the necessary and sufficient condition for the representative of a stationary
state. Equation (17) must be supplemented by a suitable boundary condition at
the point 7 = 0. Any solution x(r) of (17) for which the integral [, r? Ix(r)|* dr
is not convergent must certainly be rejected, and also some for which this integral
is convergent, namely those which, when operated on by V2 give an infinite result
involving the ¢ function at the origin. These conditions show that only those
solutions are to be allowed which, if they tend to infinity as » — 0, do so more
slowly than 1/r. The corresponding boundary condition for the function (r]) of
equation (15) is that it shall tend to zero as r — 0.

There are also boundary conditions for the eigenfunction at r — oco." If we are
interested only in ‘closed’ states, i.e. states for which the particle does not go off
to infinity, we must restrict the integral [*|(r])]* dr or [* 72 |x(r)]> dr to be
convergent. These closed states, however, are not the only ones that are physically
permissible, as we can also have states in which the particle arrives from infinity,
is scattered by the central field of force, and goes off to infinity again. For these
states the wave function (xyz|) may remain finite as r — oo. Such states will
be dealt with in Chapter X under the heading of collision problems. In any case
the eigenfunction (ryz|) must not tend to infinity as » — oo, or it will represent
a state that has no physical meaning.

46. Energy-levels of the Hydrogen Atom

The above analysis may be applied to the problem of the hydrogen atom with
neglect of the relativity variation of mass with velocity and the spin of the electron.
The potential energy V' is now —e?/r, so that equation (15) becomes

d?  k2—-1 2me’l 2mH'
- B o = -2, 20)

when written in terms of a new observable k, equal to A~! times the previous k.
A thorough investigation of this equation has been given by Erwin Schrédinger?
We shall here obtain its eigenvalues H' from a consideration of its eigenfunctions
expressed in the form of power series.

It is convenient to put

(rl) = f(r)e™ (21)

tIn the question about the physical existence of infinity the answer has been avoided by
allowing it to be a limit to which the position would tend. ‘=’ replaces ‘=’

tSchrédinger, E. (1926). Quantisierung als Eigenwertproblem. Annalen Der Physik, 384(4),
361-376. doi:10.1002/andp.19263840404
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introducing the new function f(r), where a is one or other of the square roots
a=++/—h?/2mH'. (22)

Equation (20) now becomes
d? 2d k-1 2me* 1
L 2o Z —0. P
{ dr?  adr 72 + hz r } fr) =0 (23)

We look for a solution of this equation in the form of a power series
flr) =Y e (24)

in which consecutive values for s differ by unity although these values themselves
need not be integers. On substituting (24) in (23) we obtain*

ch {5(5 —1)r*2 = 2s/a - ¥t — (K* — H)r* 2 + 2me* /h* - rs_l} =0,

which gives, on equating to zero the coefficient of r°~2 the following relation
between successive coefficients cg,

csls(s —1) — (k* = 1)] = cs_1[2(s — 1) /a — 2me* /R?]. (25)

We saw in the preceding section that only those eigenfunctions (r|) are allowed
that tend to zero with r and hence from (21) f(r) must tend to zero with r.
The series (24) must therefore terminate on the side of small s and the minimum
value of s must be greater than zero. Now the only possible minimum values of
s are those that make the coefficient of ¢, in (25) vanish, i.e. k + 4 and —k + 3,
and the second of these is negative or zero. Thus the minimum value of s must
be k + 3. Since k is always half an odd integer, the values of s will all be integers.
The series (24) will in general extend to infinity on the side of large s. For large
values of s the ratio of successive terms is

Cs . 2r

Cs—1 sa

according to (25). Thus the series (24) will always converge, as the ratios of
the higher terms to one another are the same as for the series

1 /2r\°

— | — 26
> () | (26)

S

which converges to e2"/¢

We must now examine how our solution (r|) behaves for large values of r.
We must distinguish between the two cases of H’ positive and H’ negative.
For H' negative, a given by (22) will be real. Suppose we take the positive value

*¢.7 replaces *.
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for a. Then as r — oo the sum of the series (20) will tend to infinity according to
the same law as the sum of the series (26), i.e. the law ¢*/% Thus from (21) (r|)
will tend to infinity according to the law e’/* and will not represent a physically
possible state. There is therefore in general no permissible solution of (20) for
negative values of H. An exception arises, however, whenever the series (24)
terminates on the side of large s, in which case the boundary conditions are all
satisfied. The condition for this termination of the series is that the coefficient of
cs—1 in (25) shall vanish for some value of the suffix s—1 not less than its minimum
value k + 3, which is the same as the condition that
2

s me
S —
a Rh?
for some integer s not less than k+3%. With the help of (22) this condition becomes
4
me
H=—-—— 27

and is thus a condition for the energy-level H’ Since s may be any positive
integer, the formula (27) gives a discrete set of negative energy-levels for
the hydrogen atom. These are in agreement with experiment. FEach of them
(except the lowest one s = 1) is degenerate, as it may occur with various possible
values for k, namely, any positive half odd integer less than s. This degeneracy
is in addition to that mentioned in the preceding section arising from the various
possible values for a component of angular momentum, which degeneracy occurs
with any central field of force. The k degeneracy occurs only with an inverse
square law of force and even then is removed when one takes relativity mechanics
into account, as will be found in Chapter XIII. The solution of (20) when
H' satisfies (27) tends to zero exponentially as r — oo and thus represents
a closed state, corresponding to an elliptic orbit in Bohr’s theory.

For any positive values of H', a given by (22) will be imaginary.¥ The series (24),
which is roughly the same as the series (26), will now have a sum that remains
finite as r — oo. Thus (r|) given by (21) will now remain finite as r — oo
and will therefore be a permissible solution of (20), since it will correspond to
an eigenfunction (xyz|) that tends to zero according to the law 1/r as r — oo.
Hence in addition to the discrete set of negative energy-levels (27), all positive
energy-levels are allowed. The states of positive energy are not closed, since their
representatives (r|) do not make the integral [*|(r|)|* dr converge. These states
correspond to the hyperbolic orbits of Bohr’s theory.

Hpure’ omitted.
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47. Selection Rules

When D, the total electric displacement of a system, is represented in a Heisenberg
representation, it often happens that a great many of its matrix elements,
(o/|D|a’) say, vanish. In fact they may all vanish except those for which the o/’s
and o’s are connected in a certain way. When this is the case, according
to Werner Heisenberg’s interpretation of the matrix elements, a transition of
the system with emission of radiation can take place only between two stationary
states whose labels o' and «” are connected in this way. There is then,
as we say, a selection rule for the a’s, only certain selected transitions being
allowed. In general we must consider separately the different Cartesian components
D,, Dy, D, of D and obtain for each of them the condition that its matrix element
(o/|D]a’) shall not vanish. We shall then often find that for those transitions
o’ — o which can take place, i.e. for which the vector (o/|D|a”) does not vanish,
some of the Cartesian components (o/|D,|a), (¢/|Dyla”), (¢/|D,|a”") do vanish.
There will then be conditions on the direction of emission and state of polarization
of the emitted radiation, which conditions, according to Heisenberg’s assumption,
will be the same as the classical ones for the radiation emitted by an electric dipole
whose magnitude and direction are given by the vector

(a’[Dla”) + (a”|DJa’).

There is a general method for obtaining all selection rules, which is as follows.
Let D be one of the Cartesian components of D. We must obtain an algebraic
equation connecting D and the a’s which does not involve any observables other
than D and the o’s and which is linear in D. Such an equation will be of the form

ZfngT = 0, (28)

where the f,’s and g,’s are functions of the a’s only. When this equation is expressed
in terms of representatives, it gives us

Zfr o/)(@'|D]a")g(a") =0,
or (o/[D]a) Zfr )gr(a”) =0,

which shows that (o/|D|a") = 0 unless

Z fr gr =0. (29)
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This last equation, giving the connexion which must exist between o' and "
in order that (o/|D|a”) may not vanish, constitutes the selection rule, so far as
the component D of D is concerned.

We shall now obtain the selection rules for m, and k for an electron moving
in a central field of force. The components of electric displacement are here
proportional to the Cartesian co-ordinates x, y, z. Taking first m,, we have that
m, commutes with z, or that

m,z — zm, = 0.
This is an equation of the required type (28), giving us the selection rule
m, —m/ = 0.
for the z-component of the displacement. Again, from equations (8) we have

[m27 [mux]] = [m27y] =z

or m2x — 2m,am, + xm? — W’z = 0,
which is also of the type (28) and gives us the selection rule

m’x —2mm! +m"”* — R =0
or (m., —m? —h)(m, —m?+h)=0
for the xz-component of the displacement. The selection rule for the y-component
is the same. Thus our selection rules for m. are that for the emission of radiation
with a polarization corresponding to an electric dipole in the z-direction, m!, cannot
change, while for that corresponding to an electric dipole in the x-direction or
y-direction, m’, must change by Lh.

We can determine more accurately the state of polarization of the radiation
emitted with a transition in which m/ changes by £h, by considering the condition
for the non-vanishing of matrix elements of z 4 iy and x — iy. We have

[, @+ iy] = y — iz = —i(z + iy)
or m.(z +iy) — (x + iy)(m. + h) =0,

which is again of the type (28). It gives
m,—m, —h=0
as the condition that (m/|z + ty|m?) shall not vanish. Similarly

m,—m]+h=0
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is the condition that (m/|x — iy|m!) shall not vanish. Hence
(m|z —iy|m} —h) =0

or (2|, — ) = i(m |yl — B) = (a + ib)e™

say, a, b and w being real, and similarly

(m/z - h’l"mlz) = —’L(mlz — h’y‘m’z) - (a _ Z'b)efiwt.

Thus the vector (m’|D|m/, — k) + (m), — h|D|m), which determines the state of
polarization of the radiation emitted with transitions for which m” = m/ — h, has

the following three components
(m|x|m, — h) + (m — hlz|m?)

= (a+1ib)e™" + (a — ib)e ™" = 2a coswt — 2bsin wt,
(mZlylm’ — ) + (m, — hly|m)

= —i(a +ib)e™" +i(a — ib)e ™" = 2asinwt + 2bcos wt,
(m%]z|m’ — h) + (mZ, — hlz|m’) = 0.

(30)

From the form of these components we see that radiation emitted in the z-direction
will be circularly polarized, that emitted in any direction in the xy plane will be
linearly polarized in this plane, and that emitted in intermediate directions will be
elliptically polarized. The direction of circular polarization for radiation emitted
in the z-direction will depend on whether w is positive or negative, and this will
depend on which of the two states m/, or m” = m/ — h has the greater energy.

We shall now determine the selection rule for k. We have

(k% 2] = [m3, 2] + [mg, 2]
= —Yymy; — myy + rmy + myx
= 2(myx — myy + ihz)

= 2(myx — ymy) = 2(zmy, — myy)

Similarly (K2 2] = 2(ym. — m,2)
and (K% y] = 2(myz — 2m,).
Hence

(K2 [k 2]] = 2[k* myx — myy + ih2]
= 2m, [k x] — 2m,[K? y] + 2Rk 2]

= dm,, (ym, — myz) — dmgy(myz — am,) + 2(k*z — 2k?)

= d(m,r + myy +m.2)m, — 4(m?2 + mz +m?)z + 2(k*z — 2k?).

The first term here vanishes, from (3), leaving us with
(K% [k 2]] = —4(k* — $h%)z = 2(k*z — 2k?)
= —2(k’z + zk*) + h’z,
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which gives k2 — 2k3 2k + zk* — 2% (k2 + 2K*) + h'z = 0. (31)
Similar equations hold for « and y. These equations are of the required type (28),
and give us the selection rule

K — 2k — 2R (K + K" + R =0
or (K + K" +h)(K+ K —h) K -k +h)(K—K —h)=0.
A transition can take place between two states &’ and k” only if one of these four
factors vanishes.

Now the first of the factors, (k' 4+ k” 4 k), can never vanish since the eigenvalues
of k are all positive. The second, (k' + k” — h), can vanish only if ¥’ = 3k
and k" = 3h. But transitions between two states with these values for & cannot
occur on account of the selection rule for m,, as may be seen from the following
argument. If two states (labelled respectively with a single prime and a double
prime) are such that &/ = 4h and k” = 3h, then, according to the discussion at the
end of §44, each Cartesian component of the angular momentum must vanish for
each of them, i.e. mj, = m; = m, = 0 and m; = my = m_ = 0. The selection
rule for m, now shows that the matrix elements of z and y referring to the two
states must vanish, as the value of m, does not change during the transition,
and the similar selection rule for m, or m, shows that the matrix element of z also
vanishes. Thus transitions between the two states cannot occur. Our selection
rule for k£ now reduces to

(' — K"+ h)(K' — K" —h) =0,

showing that k must change by +h. This selection rule may be written

K2 — 2Kk + k" — =0
and since this is the condition that a matrix element (k’|z|k”) shall not vanish,
we get the equation

k*z — 2kzk + 2k* — h?2 =0
or [ka [k> ZH =% (32)
a result which could not easily be obtained in a more direct way.

48. The Zeeman Effect for the Hydrogen Atom

We shall now consider the system of a hydrogen atom in a uniform magnetic field.
The Hamiltonian (1) with V' = —e?/r, which describes the hydrogen atom in no
external field, gets modified by the magnetic field, the modification, according to
classical mechanics, consisting in the replacement of the components of momentum,
Dzs Dys Doy bY! Do +e/c- Ay py +efc Ay, p.+efc- A, where A,, A,, A, are

T’ replaces ¢’
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the components of the vector potential describing the field. For a uniform field of
magnitude 77 in the direction of the z-axis we may take A, = -3¢y, A, = $x,
A, = 0. The classical Hamiltonian will then be

2
H= L{( z—lgﬁy)2+ (p +l§,%”ac>2+p2} —
2m 2c voo2e N r
This classical Hamiltonian may be taken over into the quantum theory if we add
on to it a term giving the effect of the spin of the electron. The electron has
a magnetic moment* —eh/2mc - o whose energy in the magnetic field will be*
eh /2mc - o,. Thus the quantum Hamiltonian will be

1 2 2 2 h
H=— (px—%g%”y> —|—(p;,—|—%i%”x) + p? —e——i—e
2m c c T 2me

0. (33)

There ought strictly to be other terms in this Hamiltonian giving the interaction
of the magnetic moment of the electron with the electric field of the nucleus of
the atom, but this effect is small, of the same order of magnitude as that of
the relativity variation of the mass of the electron with its velocity, and will be
neglected here. It will be taken into account in the relativity theory of the electron
given in Chapter XIII.

If the magnetic field is not too large, we can neglect terms involving .72 so that
the Hamiltonian (33) reduces to

1 ez e eh
H - 2 2 A s o . .
5 (p; +p, + 1) v (zpy — Ypa) + e’
L,y 5 5 & et
= — —_ — - z h z 34
2771(193,Hr29y+pz) . +2mc(m + ho.) (34)

The extra terms due to the magnetic field are now* es?/2mc- (m, + ho,).
But these extra terms commute with the total Hamiltonian and are thus constants
of the motion. This makes the problem very easy. The stationary states of
the system, i.e. the eigenstates of the Hamiltonian (34), will be those eigenstates of
the Hamiltonian for no field that are simultaneously eigenstates of the observables
m, and o,, or at least of the one observable m, + ho,, and the energy-levels
of the system will be those for the system with no field, given by (27) if one
considers only closed states, increased by an eigenvalue of* e /2mc - (m, + ho).
Thus any stationary state of the system with no field which is spacially quantized in
the z-direction, i.e. for which m, has the numerical value m/, an integral multiple of
h, and for which also ¢, has the numerical value o, = £1, will still be a stationary
state when the field is applied. Its energy will be increased by an amount consisting

*¢.7 replaces *.
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of the sum of two parts, a part* es# /2mc - m!, arising from the orbital motion,
which may be considered as due to an orbital magnetic moment —em’ /2me,
and a part* e’ /2mc - ho!, arising from the spin. The ratio of the orbital magnetic
moment to the orbital angular momentum m, is —e/2mec, which is half the ratio of
the spin magnetic moment to the spin angular momentum. This fact is sometimes
referred to as the magnetic anomaly of the spin.

Since the energy-levels now involve m,, the selection rule for m, obtained
in the preceding section becomes capable of direct comparison with experiment.
According to this selection rule, m, can change by A, 0 or —h during
an emission process. This means that the amount of energy emitted will differ
by —ehs/2me, 0 or ehs? /2mc respectively from the amount emitted when
there is no field, since o, will not change as it commutes with the electric
displacement of the system. Thus the frequency of the emitted radiation will differ
by —es# /Amme, 0 or e /4wme from that for no field, so that each spectral line
for no field gets split up into three components. If one considers the radiation
emitted in the z-direction, then from (30) the two outer components will be
circularly polarized while the central undisplaced one will be of zero intensity.
These results are in agreement with experiment and also with the classical theory
of the Zeeman effect. The agreement with the classical theory ceases, however,
when one takes into account relativity mechanics and the interaction of the spin
with the electric field of the nucleus.

49. Combination of Angular Momenta

Suppose we have two particles moving in the central field of force, whose angular
momenta are the vectors m and p. The magnitudes of these vectors are
the observables k and &, defined by (12) and
ko= (12 + py + 12+ 30%)

respectively. The total angular momentum will then be the vector M = m + p,
whose magnitude is K= (M2+ M; LMy %hQ)%,
Each of the observables k and x commutes with all the components of m, p and
M. Thus k, x & K will commute with each other and can be given numerical
values simultaneously. Our problem now is to determine the possible numerical
values for K when k and x have given numerical values.

The easiest way of solving this problem is to suppose k£ and k are equal to
two given numbers, as we can do since they commute with all the observables
mentioned in the problem, and then to use a matrix representation in which m, and
1, are diagonal. We can ignore all the observables describing the dynamical system
that are not functions of the components of m and p. Our matrix representation
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will then have only a finite number of rows and columns, each labelled by a number

m’, having one of the values k — %h, k— %h, oo, —k+ %h and a number p/, having
one of the values Kk — %h, K— %h, co, —k+ %h The possible values of M. = m/ + p,
will then be k+x —h, k+x —2h, k+ Kk —3h,..., =k — k + h. The number of

times each of them occurs is given by the following scheme (if one assumes for
definiteness that k& > k),

k+rxk—h, k+rxk—2h, k+x—3h, ..., k—k, k—r—h, ...,
1 2 3 2K 2K
—k+r, —k4+r—h, ..., —k—kr+h. (35)
2K 2k — 1 1

If we now make a canonical transformation to a representation in which K and
M, are diagonal, the number of rows and columns of the matrices for which M,
has a given value M, must remain unaltered. If K’, K", ... are the possible values
for K, there will be a set of rows and columns having the M, -values K’ — %h,

K' — %h,..., —K' + %h, together with a set having the M, -values K" — %h,
K" — %h, oo, —K"+ %h, &c. Comparing this distribution of M, -values with (35),
we see that the possible values for K must be

k+wk—1Lh k+w—3n k+r-35h..., k—r+1in (36)

This result is a quite general one applying to the combination of any two
angular momenta, not necessarily the orbital angular momenta of two particles.
For example, it could be applied to the orbital angular momentum and spin of
an electron. In this case, since the spin angular momentum has the magnitude
k = h, it shows that when the orbital angular momentum has the magnitude k,
the combined angular momentum can have only one or other of the two magnitudes
k +3h.

We now have a general method for dealing with complicated atomic systems.
For an isolated system the total angular momentum M is always a constant of
the motion and its resultant K together with one of its components M, will be
two commuting constants of the motion. We try to express M as the sum of two
angular momenta m and g whose magnitudes k and x are constants of the motion.
If we can do this, then we try to express either of the parts, m say, itself as
a sum of two angular momenta, m; and m, say, whose magnitudes k; and ko are
constants of the motion, and so on. We obtain in this way a series of constants of
the motion M., K, k, Kk, ki, ko, ... which all commute with each other and may,
if there are enough of them, be taken as defining a Heisenberg representation.
The possible numerical values for the K, k, k, ... specifying a row and column are
restricted by the general rule (36). The energy will be some function of K, k, k,
k1, ko, ..., but independent of M,. In general one cannot secure that k, k, kq, ko
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are exactly constants of the motion, but one may be able to choose them so that
they are approximately so and then apply a perturbation method, as discussed in
the next chapter.

We shall now obtain the selection rule for the magnitude K of the total
angular momentum M of a general atomic system. Let m be the orbital angular
momentum of one of the electrons, whose co-ordinates are x, y, z, say, and let
M — m = p. It is not necessary for the present discussion that the magnitudes k
and  of the two angular momenta m and g into which M has been split up should
be constants of the motion. We must obtain the condition that the (K’, K”') matrix
element of z, y, or z shall not vanish. This is evidently the same as the condition
that the (K’, K”) matrix element of A, Ay or A3 shall not vanish, where A\;, Ao,
and A3 are any three independent linear functions of z, ¥ and z with numerical
coefficients, or more generally with any coefficients that commute with K and are
thus represented by matrices which are diagonal with respect to K. Let

Ao = Myx + Myy + M, z,
Az = Myz — M.y — ihx,
Ay = M.x — M,z — ihy,
A, = My — Myx — ihz.
We have Mo\, + MyA, + MoA. = > (M, M,z — M, M.y — ihM,z)
Yz
=> (MM, — M,M, — ihM.)z =0 (37)
TYz
from the general condition (11) for angular momentum. Thus A, A\,, and A, are
not linearly independent functions of z, y and z. Any two of them, however,
together with )y are three linearly independent functions of z, y and z and may be
taken as the above A\i, Ay and A3, since the coefficients M, M,, M, all commute
with K. Our problem thus reduces to finding the condition that the (K’, K”)
matrix elements of A\, Az, A\, and A, shall not vanish. The physical meanings of
these \’s are that )¢ is proportional to the component of the vector (z,y,z) in
the direction of the vector M and A;, A,, A, are proportional to the Cartesian
components of the component of (z,y, z) perpendicular to M.
From (4) together with the condition that z, y and z commute with g we obtain

[Mzwqj] = [mz + /Lzax} =Y,
[M,,y] = —x, [M,,z] = 0.
Hence [M., o] = [M., M|z + M [M,, x] + [M., M,y + M,[M,,y]
= Myx + M,y — My — Myx = 0.

Thus A\g commutes with M., and from symmetry it must commute also with M,
and M, so that it must commute with K. It follows that only the diagonal

(38)
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elements (K'|\o|K’) of A¢ can differ from zero, so the selection rule is that K
cannot change so far as this component of the electric displacement is concerned.
With further applications of (38) we obtain
(M., A\s] = [M,, M|z — M,[M.,,y] — ih[M.,, z|
= M,z + M,z —ihy = \y,
(M., \,] = M,[M,,x] — [M,, M|z —ih[M,, y]
= M,y — M,z + ihx = =\,
[Mza /\z] = [Mz> Mm]y + Mx[MZ7 y] - [Mza My]x - My[Mza {L‘]
= Myy — Myx + Myx — Myy = 0.
These relations between M, and A;, Ay, A, are of exactly the same form as
the relations (4) & (5) between m, and z, y, z and also (37) is of the same
form as (3). The observables A,, A\,, A, thus have the same properties relative
to the angular momentum M that x, y, z have relative to m. The deduction
in 847 of the selection rule for £ when the electric displacement is proportional to
(x,y, z) can therefore be taken over and applied to the selection rule for K when
the electric displacement is proportional to (A;, Ay, A;). We find in this way that,
so far as A\, Ay, A, are concerned, the selection rule for K is that it must change
by +h.
Collecting results, we have as the selection rule for K that it must change by
0 or +h. We have considered the electric displacment produced by only one of

the electrons, but the same selection rule must hold for each of them and thus also
for the total electric displacement.
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50. General Remarks

IN the preceding two chapters exact treatments were given of some simple
dynamical systems in the quantum theory. Most quantum problems, however,
cannot be solved exactly with the present! resources of mathematics, as they
lead to equations whose solutions cannot be expressed in finite terms with
the help of the ordinary functions of analysis. For such problems one must
use a perturbation method. This consists in splitting up the Hamiltonian into
two parts, one of which must be simple and the other small. The first part may then
be considered as the Hamiltonian of a simplified or unperturbed system, which can
be dealt with exactly, and the addition of the second will then require small
corrections, of the nature of a perturbation, in the solution for the unperturbed
system. If this second part contains a small numerical factor €, we can obtain
the solution of our equations for the perturbed system in the form of a power series
in €, which, provided it converges, will give the answer to our problem with any
desired accuracy. Even when the series does not converge, the first approximation
obtained by means of it is usually fairly accurate.

There are two distinct methods in perturbation theory. In one of these
the perturbation is considered as causing a modification of the states of
the unperturbed system. In the other we do not consider any modification
to be made in the states of the unperturbed system, but we suppose that
the perturbed system, instead of remaining in one of these states, is continually
changing from omne to another, or making transitions, under the influence of
the perturbation. Which method is to be used in any particular case depends
on the nature of the problem to be solved. The first method is useful usually
only when both the Hamiltonian for the undisturbed system and the perturbing
energy (the correction in this Hamiltonian) do not involve the time explicitly,
and is then applied to the stationary states. It can then be used for calculating
things that do not refer to any definite time, such as the energy-levels of

tThe early Twentieth Century
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the stationary states of the perturbed system, or, in the case of collision problems,
the probability of scattering through a given angle. The second method must, on
the other hand, be used for solving all problems involving a consideration of time,
such as those about the transient phenomena that occur when the perturbation
is suddenly applied, or more generally problems in which the perturbation varies
with the time in any way (i.e. in which the perturbing energy involves the time
explicitly in an arbitrary way). Again, this second method must be used in
collision problems, even though the perturbing energy does not here involve the
time explicitly, if one wishes to calculate absorption and emission probabilities,
since these probabilities, unlike a scattering probability, cannot be defined without
reference to a state of affairs that varies with the time.

51. The Change in the Energy-levels caused by
a Perturbation

The first of the above-mentioned methods will now be applied to the calculation
of the changes in the energy-levels of a system caused by a perturbation.
The perturbing energy, like the Hamiltonian for the unperturbed system, must now
not involve the time explicitly. =~ Our problem has a meaning, of course,
only provided the energy-levels of the unperturbed system are discrete and
the differences between them are large compared with the changes in them
caused by the perturbation. This fact results in the treatment of perturbation
problems by the first method having some different features according to whether
the energy-levels of the unperturbed system are discrete or continuous.
Let the Hamiltonian of the perturbed system be

H=H,+V, (1)

Hj being the Hamiltonian of the unperturbed system and V' the small perturbing
energy. By hypothesis each eigenvalue H' of H lies very close to one and only
one eigenvalue H{ of Hy. It is convenient to use the same number of primes
to specify any eigenvalue of H and the eigenvalue of Hy to which it lies very close.
Thus we shall have H” differing from H{ by a small quantity of order V' and
differing from H{) by a quantity that is not small unless Hj = H;. We must now
take care always to use different numbers of primes to specify eigenvalues of H
and Hy which we do not want to lie very close together.
Let ¢(H’) be an eigen-¢ of H belonging to the eigenvalue H’, so that

Hy(H') = H')b(H'). (2)

This means that ¢ (H’) denotes a stationary state of the perturbed system of
energy H' Again, let ¢(H{) be an eigen-¢) of H{ (at some particular time t)
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belonging to the eigenvalue H{/, so that
Hoy(Hy) = Hy(H). (3)

This ¢ (H{) will denote a non-stationary state of the perturbed system, and indeed
a different non-stationary state for each different value of the above ¢, but for
the unperturbed system it will denote a stationary state of energy H{.

Now suppose that for the unperturbed system there is only one stationary
state for each energy-level H{, i.e. the unperturbed system is non-degenerate.
This requires that Hy shall have only one independent eigen-1) belonging to
any eigenvalue H| (which is a condition governing only the form of the
observable H, and independent of whether we are considering the perturbed
or the unperturbed system). From our assumption that the changes
in the energy-levels caused by the perturbation are small compared with
the differences of the energy-levels of the unperturbed system, there must be only
one independent eigen-v) of H belonging to any eigenvalue H’, so that the perturbed
system is also non-degenerate. The fact that the perturbing energy V' is small,
or that Hy (at time t) and H are two nearly equal observables, will require, not only
that their eigenvalues are nearly equal, but also that corresponding eigen-v’s are
nearly equal, apart from numerical factors. Thus we shall have

Y(H') = cp(Hp) + b, (4)

where ¢ is a number and ¢, is a small ¥-symbol. We may assume ; to be
orthogonal to ¥ (H]), since if it were not so it could be expressed as the sum of
two parts, one of which is orthogonal to ¢(H{) while the other is a numerical
multiple of ¢)(H{) which can be absorbed in the first term of the right-hand side
of (4). We can now take ¢ = 1, so that we have

U(H') = ¢ (Hp) + ¢, (5)

where 1, is small and orthogonal to ¢¥(Hj).
From (1), (2) and (5) we now obtain

{Ho+ VHv(Hy) + v} = H(H') = H'O(H') — H'{1)(Hp) + ¢ }-
With the help of (3), this gives
Hyp(Hg) + Hopy + Vb (Hp) + Vor = H'Y(Hp) + H'yy.
If we neglect the second-order term V1)1, this reduces to

{H' — Hy}(Hy) +{H' — Ho}y = Vp(Hp). (6)
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If we now multiply this equation throughout by ¢(H(), the conjugate imaginary
symbol to (4), on the left, the second term will contribute nothing, since

S(Ho){H" — Ho}n = ¢(Ho{H' — Ho}y = {H' — Ho}¢(Hg)ihr =0,
on account of ¢(H|) and v, being orthogonal. We shall thus be left with
1 — H) = G(H)Vy(H)), 7)

assuming ¢(H|) and ¢(H() to be normalized.

This result gives us the first-order change in the energy-level of any state caused
by the perturbation. It shows that the first-order change in the energy-level is equal
to the average value of the perturbing energy for the unperturbed stationary state.
When formulated in this way, this result in quantum perturbation theory is
the same as in the classical theory and as in the old quantum mechanics of
Niels Bohr’s theory. One can say alternatively that the first-order change in
an energy-level is equal to the corresponding diagonal element of the matrix
representing the perturbing energy in a representation in which the Hamiltonian
for the unperturbed system is diagonal i.e. in a Heisenberg representation for
the unperturbed system.

We must now consider the case when the unperturbed system is degenerate,
so that there are several eigen-i’s of H, belonging to the same eigenvalue Hj.
The perturbation may now, perhaps, be such that the perturbed system is
non-degenerate, or that it is not so much degenerate as the unperturbed system.
This means that each energy-level H of the unperturbed system gets split up
by the perturbation into several energy-levels H' all lying close to Hy* We shall
now have that every eigen-y of H is approximately equal to an eigen-¢ of Hy,
but the converse, that every eigen-i) of Hj is approximately equal to an eigen-v
of H, will not be true, as may be seen from the following argument. If v, and
are two eigen-1’s of Hy belonging to the same eigenvalue and are approximately
equal respectively to two eigen-i)’s of H belonging to two different eigenvalues,
then any linear combination of them, ai, + by, will also be an eigen-v) of H
but will not be approximately equal to any eigen-v» of H. The problem of finding
which eigen-i’s of H, are approximately equal to eigen-y’s of H is the analogue
of the problem of secular perturbations in classical mechanics.

Any eigen-y of Hy belonging to the eigenvalue H| is expressible as a linear
combination of a complete set of such eigen-i)’s. We shall choose such a set

*To distinguish these energy-levels one from another we should require some more elaborate
notation, since according to the present notation they must all be specified by the same number
of primes, namely, by the number of primes specifying the energy-level of the unperturbed
system from which they arise. For our present purposes, however, this more elaborate notation
is not required.
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consisting of the simultaneous eigen-i’s, ¥(H)¢'), of Hy, and a number of
observables £ that commute with Hy and with each other and that together with
Hy form a complete commuting set of observables. Any eigen-¢ (H{) is now
expressible in the form
w(Hg) = ) w(HE) (€)),
g/

where the coefficients (¢'|) are numbers forming a representative of (H).
Any eigen-v ¢(H') of H, belonging to some eigenvalue H' that lies close to Hj,
is approximately equal to some 1 (H)) and is therefore of the form

YH') = P(HE) (€]) + v, (8)

é/

where 1, is small. As in the non-degenerate case, we may assume that i, is
orthogonal to each (H{E'), since if it is not it can be expressed as the sum of
two parts, one of which is orthogonal to the (H(¢')’s while the other is a linear
combination of them. We now obtain with the help of (1), (2) and (3)

{Ho+V} {Z U(Ho) (€']) + wl} = Hy(H') = H')(H')
o

= H' {Z Y(HE) (€']) + wl}
-
or  {H'—Hy} Y W(HE) (&) +{H = Holy = VY o (Hg') (€]),
& &

with neglect of the second-order term V). If we multiply this equation throughout
by ¢(H(E") on the left, we shall again have the term ¢(H|£"){H'— Hy}1); vanishing
and shall be left with

{H' — Hi} (&) = > o(HiE"\Vb(Hig)(E),
-

provided the ¥(H(\¢') are normalized. This result is the same as

{H' — Hy} (€)= Y (HE'|VIH&") (")), (9)
o

where (H¢'|VIH(") is an element of the matrix representing V in
the (Hy, £)-representation.

Equation (9) is of the form of the standard equation of the theory of
eigenvalues. It shows that H' — H| is an eigenvalue of the matrix (H{&'|V|H{E").
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This matrix is a part of the representative of the perturbing energy V in
a Heisenberg representation for the unperturbed system, namely the part
consisting of those elements that refer to the same unperturbed energy level
H| for their row and column. Each change of the energy-level H{ caused by
the perturbation is an eigenvalue of this matrix and further the eigenfunctions,
namely the quantities ('), are just the coefficients required in (8) to give us those
linear functions of the eigen-i’s of H, belonging to the eigenvalue H| that are
approximately eigen-i’s of H and approximately represent stationary states of
the perturbed system. We have thus obtained to the first order the energy-levels
and stationary states of the perturbed system. It should be noticed that these
first-order results are independent of the values of all those matrix elements of
the perturbing energy which refer to two different energy-levels H) and H{ of
the unperturbed system.

One can use this perturbation method for the calculation of the higher
approximations if required. General recurrence formulas giving the n-th order
corrections in terms of those of lower order have been obtained by Born,
Heisenberg, and Jordan.*

52. The Perturbation considered as causing
Transitions

We shall now consider the second of the two perturbation methods mentioned
in §50. We suppose again that we have an unperturbed system governed by
a Hamiltonian H, which does not involve the time explicitly, and a perturbing
energy V' which can now be an arbitrary function of the time. The Hamiltonian
for the perturbed system is again H = Hy+ V. For the present method it does not
make any essential difference whether the energy-levels of the unperturbed system,
i.e. the eigenvalues of Hy, form a discrete or continuous set. We shall, however,
take the discrete case, for definiteness.

We introduce an a-representation in which a complete set of commuting
observables « are diagonal, each of which is the value at time ¢ of some dynamical
variable that is a constant of the motion for the unperturbed system. This means
that Hy at time ¢t commutes with each of the a’s and is thus represented by
a diagonal matrix

(O/|H0|O/l) = H(/)(Sa/a//. (10)

*Born, M., Heisenberg, W., & Jordan, P. (1926). ,Zur Quantenmechanik. I1.“Zeitschrift Fir
Physik, 35(8-9), 557-615. doi:10.1007/bf01379806 .
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If the phases of the representation are such that the Schrédinger equation holds,
we have, using stars to distinguish the representatives in this case,

haat( D Z(O/\Ho + V!o/’)* (o/’ )

Hy(/])" + > (/|[V]")* (o))" (11)

a/l

For our present purpose, however, it is more convenient to choose these phases
to be those of the Heisenberg representation for the undisturbed system, so that
our representative (a'|) of a state is connected with the Schrédinger one (o/])* by
the relation

(/)" = e~ (o)), (12)

which was obtained at the end of §38. The two representatives of an observable
will be connected in the same way by

(a’|f|o/’)* _ e—i(H’ —H])) t/h( |f|o/’)

The representative (10) of Hj is, of course, the same in either case, since it
is diagonal.

Our new representative (a'|) does not satisfy the Schrodinger equation,
of course, but satisfies instead the following equation, obtained by substituting (12)

n (11),}
. el —iHyt/hy 1 —iHjt/h 9 /
ih |—iH\/h-e "0 (d]) + e o a((ﬂ)

_ H(/)e—iH{)t/h(O/D + Z(a/‘V’a//)*e—iH(f)/t/h(a// )’

O[”

which reduces to

iha(a/D _ Z ei(Hg)—H(/)/)t/h(allvyau)*(O// )

a/l

—Z V") (). (13)

The Schrédinger representative (o/|V]a”)* of the perturbing energy V' does not
depend on t, except in so far as V itself involves ¢ explicitly, while the representative
(o/|V]|a") appearing in our equation (13) varies rapidly with ¢, according to
the Heisenberg law e'(Po—H)t/" when one neglects the explicit dependence of V
on t.

< replaces ¢
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Equation (13) is the fundamental equation of the present method in
perturbation theory. It is an exact equation, no use having yet been made of
the fact that the perturbation is small. Tt shows how the representative of a state
of a perturbed system varies with the time when the representation is chosen so
that the whole of this variation is caused by the perturbation, and thus expresses
most clearly the way in which the perturbation may be considered as causing
a continual change in the state of the system. At any instant the probability of
the a’s having specified values o is

P = () (14)

provided P’ is normalized.

We shall now obtain an approximate solution to equation (13) for a given
initial value of the representative (a'|) of the state. Since V' is small, the rate of
change of (¢/|) is small and (o/|) remains approximately equal to its initial value,
at any rate for times that do not differ too much from the initial time. We can thus
obtain a first approximation by substituting for («|) in the right-hand side of (13)
its initial value and then performing a simple integration. We may then obtain
a second approximation by substituting the first approximation in the right-hand
side of (13), and so on indefinitely.

Let the initial value of (a/]), i.e. the value at time ¢ = 0, be ay(a/), or aj, say,
for brevity. We shall then have in the first approximation for the value of (o/|) at
an arbitrary time 7,*

(@) =dp—ifh- Y / (&/|V]a")al, dt
a// 0
= ap + af;

say, a) being the first-order correction, whose value at time 7 is'
ay = —i/h- Z ag/ (/|V]a"), dt. (15)
a// 0
The second approximation at an arbitrary time 7" will now be*

T
(o/)r = al —i/h- Z/ (@ |V]a")rlal + al] d
a// 0

o / /
= ag + ayp + Ao,

*¢ )

replaces ‘.’
T inserted!
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where af, the second-order correction, has the value* at time 7'

T
iy =i/ Y [ (@Via). ol dr
a// 0

T T
-y Y /O (@' [V]a"), dr /O (" [V|a"), dt. (16)

11 "

ol a

The probability (14) of the a’s having the values o at any time is now,
to the second order of accuracy,
P’ = (ay+ a} + ay)(ay +a) + ay)
= agay + (atag + agay) + (aya, + ayay + agas) + - - - (17)
P being the initial value of this probability and P; and Pj being the first and
second order corrections.

Suppose now that we are given, not the initial value aj of (¢/|), but only
the initial probability F; of the o’s having any specified values o/, and want
to calculate the probability at any subsequent time of the o’s having
specified values. We now know only the modulus of (o/|) and not its phase,
so that we must average over all phases. This averaging results in a considerable
simplification in the expression (17) for P’, since this expression is bilinear in ag
and @y [both a; and ap being linear functions of ay according to (15) and (16)],
and thus consists of a sum of terms of the form ajay’. The average of aja,’ or
ag(a”)ag(a”") will vanish except when o = ", so that the only surviving terms

will be those of the form ajaj. In this way Pj reduces to*

Pl = a8 + agt,
= [—z/h : a6/ (' |V]a); dt] a, + a; [z’/h-ag/ ('|V]a') dt]
0 0
= 0.
Similarly Pj reduces to*

/ _ ! =/ ! =/ ! —/
Pyp = ayray + ay7ay 7 + agayy

T T
:_1/h2.agagz/ (o[V]a"), dr/ (o [V]a'), dt
o’ 0 0

2

T
1Y aa| [ (@Via) de
0

1"

6%

T
VRS / (" [V]a'), dr / (@|V]a"), dt,
a// 0

r
0
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use being made, in dealing with the third term, of the fact that the matrix (o/|V]a”)
is Hermitian. If we interchange ¢ and 7 in this third term, we can combine it with
the first term to give®

— |ag|* /p? > U dT/dt +/dt /dT} (@ |V]a") (" |V ]a'),
= —|a)|? /h?- Z/dT/dt Vo) (e |V]a'),
/(O/|V|O//)tdt
0

2
== lapf* /1
Thus our expression for Pj becomes®

2

Oé”

2

T
/ (|V]a")s dt

0

T 2
/ (/|V]a"), dt

0

and the probability P’ of the a’s having the values o’ is, to the second order
of accuracy,®

2 2
Py =1/ {lagl” — lag|*}

— 1 3P - By}

T 2

Pp =P+ 1/ ) {P - 0 (& |V|a"), dt

1

(18)

«

This result is capable of a simple interpretation. If we suppose that initially

the a’s certainly have the values o”, so that P/ = 1, Bj = 0 for o # o,

(in which special case the averaging over the phases of the ag’s is not necessary),
then the right-hand side of (18) reduces to the single term?

T
/ (V") dt
0

say. This may be interpreted as the probability of the system making a transition
from the state o to the state o/ under the influence of the perturbation V' during
the interval of time 0 to 7. Tt is symmetrical between o/ and o”. Returning
now to the general case, we see that (18) may be regarded as expressing that
the change in the probability of the a’s having the values o during the time interval
0 to T, namely Pj — Fj, is made up of the total probability _ ., Py P(c, ') of
the system jumping into the state o from some other state o”, minus the total

2

1/h? = P(a, &) (19)

§< replaces ©’
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probability P} )" ., P(c/, a") of its jumping out of the state o, during this time
interval. Thus the ordinary laws of probability apply, showing that there is no
interference between the different transition processes. If we had not averaged
over the initial phases, then there would have been such interference.

The integrand in (19) is the representative in a certain representation of
the perturbing energy at time ¢. This representation is one that does not
depend very much on %, since if we put V = 0 it would become the Heisenberg
representation and would not depend on ¢ at all. Hence we can, without spoiling

Jy Vidt|a”)

the order of accuracy of our result, replace the integral in (19) by (0/

and obtain an alternative expression for the transition probability®

T
/ Vi dt o/'>
0

This provides a simple physical meaning for the non-diagonal elements of
the matrix representing an observable when this observable can be regarded as
the time integral of a perturbing energy.

2

P(a" o) =1/h*- ‘ (o/ : (20)

53. Application to Radiation

In the preceding section a general theory of the perturbation of an atomic system
was developed, in which the perturbing energy could vary with the time in
an arbitrary way. A perturbation of this kind can be realized in practice by
allowing incident electromagnetic radiation to fall on the system. Let us see what
our result (19) or (20) reduces to in this case.

If we neglect the effects of the magnetic field of the incident radiation,
and if we further assume that the wave-lengths of the harmonic components of
this radiation are all large compared with the dimensions of the atomic system,
then the perturbing energy is simply the scalar product

V=(D,é&), (21)

where D is the total electric displacement of the system and & is the electric
force of the incident radiation. We suppose & to be a given function of the time.
If we take for simplicity the case when the incident radiation is plane polarized with
its electric vector in a certain direction and let D denote the Cartesian component
of D in this direction, the equation (21) for V' reduces to the ordinary product

V =D&
where & is the magnitude of the vector & The matrix elements of V' are

(a'[V]a") = (/| D]a")&,
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since & is a number. Now (&/|D|a”) varies with the time ¢ according to
the Heisenberg law

(/Do) = (@] DJa"),e i H 1

(o/|D|a’"), being constant, and hence our expression (19) for the transition
probability becomes*

2

T
P(a, o) = 1/1 - (| D]a") / e =D gy | (22)
0

If the incident radiation during the time interval 0 to 7" is resolved into its
Fourier components, the energy crossing unit area per unit frequency range about
the frequency v will be, according to classical electrodynamics,*

T .
/ £€2mz/t dt
0

Comparing this with (22), we see that the transition probability between two
states o' and o” with energies H) and H{ depends on that Fourier component
of the incident radiation whose frequency is v = |H}, — H{/| /h, in agreement with
Bohr’s theory. The magnitude of this transition probability is connected with
the intensity of the Fourier component through the relation*

2

E,=c/27- . (23)

P(a/, o) = 2 /ch? - (/| D|a")) E, . (24)

This relation gives the probability of the system, if initially in the state of lower
energy, of absorbing radiation and being carried to the upper state, and if initially
in the upper state, of being stimulated by the incident radiation to emit and fall to
the lower state. The present theory does not account for the fact that the system,
if in the upper state with no incident radiation, can emit spontancously and fall
to the lower state.

The existence of the phenomenon of stimulated emission was inferred
by Albert Einstein long before the discovery of quantum mechanics, from
a consideration of thermodynamic equilibrium between atoms and a field of
black-body radiation satisfying Planck’s law. Einstein showed that the transition
probability for stimulated emission must equal that for absorption between
the same pair of states and deduced a relation connecting this transition

*¢.7 replaces ‘.

tEinstein, Albert "Zur Quantentheorie der Strahlung", Physikalische Zeitschrift 18,
pp 121-128,  https://ui.adsabs.harvard.edu/abs/1917PhyZ...18..121E  English  translation:
https://s3.cern.ch/inspire-prod-files-9/9e9ac9d1e25878322fe8876fd c8aal8d
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probability with that for spontaneous emission. Werner Heisenberg’s assumption
for the spontaneous emission probability, given in §38, together with Einstein’s
theory, will therefore provide us with values for the transition probabilities for
absorption and stimulated emission. These values are in agreement with (24).
Thus the theory of the present section gives a partial justification for Heisenberg’s
assumption. The complete justification will be provided by the general theory of
Chapter XII, in which the electromagnetic field will be treated as a dynamical
system interacting with the atom according to the laws of quantum mechanics.
This general theory will not only confirm the result (24) for absorption and
stimulated emission, but will also give the required value for the spontaneous
emission probability.

54. Transitions caused by a Perturbation
Independent of the Time

The perturbation method of §52 is still valid when the perturbing energy V' does
not involve the time t explicitly. Since the total Hamiltonian H in this case
does not involve t explicitly, we could now, if desired, deal with the system by
the perturbation method of §51 and find its stationary states. Whether this method
would be convenient or not would depend on what we want to find out about
the system. If what we have to calculate makes an explicit reference to the time,
e.g. if we have to calculate the wave function at one time when we are given
its value at another time, the method of §52 would be the more convenient one.

Let us see what the result (19) for the transition probability becomes when
V' does not involve ¢ explicitly. The matrix element (a/|V|a") now varies with ¢
according to the Heisenberg law and thus its time integral is

T T
[ @iviatar = @ivien, [ e aq
0 0

GilHy—H{T/h _ |

Ti(Hg — H) /R

= (|V]a")

provided H) # H{/. Thus the transition probability (19) becomes

P(a, ") = |(@/|V]a") [T 1) CRHIT 1) (b1 — B
= 2|(a'[V|a")[* [1 = cos{(Hy — Hy)T/h})/(Hy — Hg)* (25)
If Hj differs appreciably from H’ this transition probability is small and

remains so for all values of T.  This result is required by the law of
the conservation of energy. The total energy H is constant and hence
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the proper-energy Hy (i.e. the energy with neglect of the part V due to
the perturbation), being approximately equal to H, must be approximately
constant. This means that if H initially has the numerical value H{, at any
later time there must be only a small probability of its having a numerical value
differing considerably from H{.

On the other hand, when the initial state o' is such that there exists another
state o having the same or very nearly the same proper-energy Hy, the probability
of a transition to the final state o may be quite large. The case of physical
interest now is that in which there is a continuous range of final states o’ having
a continuous range of proper-energy levels H{ passing through the value H]
of the proper-energy of the initial state. The initial state must not be one of
the continuous range of final states, but may be either a separate discrete state or
one of another continuous range of states. We shall now have, remembering the
rules of §28 for the interpretation of probability amplitudes with continuous ranges
of states, that, with P(c/, o") having the value (25), the probability of a transition
to a final state within the small range o’ to " + do” will be P(¢/, o”)da” when
the initial state o' is discrete and will be proportional to this quantity when o’ is
one of a continuous range.

We may suppose that the a’s describing the final state, which are any complete
set of commuting dynamical variables that all commute with H,, consist of H
itself together with a number of other dynamical variables 5. (The 3’s need have
no meaning for the initial state o.) We shall suppose for definiteness that the
[’s have only discrete eigenvalues. The total probability of a transition to a final
state o for which the ’s have the values 8” and Hj has any value, (there will be
a strong probability of its having a value near the initial value H,) will now be
(or be proportional to)*

/P(o/, o) dHy

= /_OO (o |V|Hy 8")[* [1 = cos{(Hy — Hy)T/hY]/(Hy — Hy)* - dHy  (26)

o0

= 2T/h‘/ (o |V|H] + B )T, 8")]* [1 — cosa]/a? - da

o0

if one makes the substitution (Hj — H{)T/h. For large values of T" this reduces to*

2T k- |(o/|V|H)B") | /_Oo [1—cosz]/x* - dx

=27T/h- |(/|V|Hy 8")]" (27)

*¢.? replaces *.
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Thus the total probability up to time 7T of a transition to a final state for which
the (’s have the values 8" is proportional to T. There is therefore a definite
probability coefficient, or probability per unit time, for the transition process under
consideration, having the value*

2m/h-|(/|V| Hy 8")" (28)

It is proportional to the square of the modulus of the matrix element, associated
with this transition, of the perturbing energy.

In order that the approximations used in deriving (27) may be valid, the time T’
must be not too small and not too large. It must be large compared with the
periods of the atomic system in order that the evaluation of the integral (26)
leading to the result (27) may be correct, while it must not be excessively
large or else the general formula (19) will break down. In fact one could make
the probability (27) greater than unity by taking 7" large enough. The upper limit
to T is fixed by the condition that the probability (19) or (27) must be small
compared with unity. There is no difficulty in T satisfying both these conditions
simultaneously provided the perturbing energy V is sufficiently small.

55. The Anomalous Zeeman Effect

One of the simplest examples of the perturbation method of §51 is the calculation
of the change in the energy-levels of a general atom caused by a uniform
magnetic field. The problem of a hydrogen atom in a uniform magnetic field
has already been dealt with in §48 and was so simple that perturbation theory
was unnecessary. The case of a general atom is not much more complicated when
we make a few approximations such that we can set up a simple model for the atom.

We first of all consider the atom in the absence of the magnetic field along
the lines indicated in §49 and look for angular momenta that are constants of
the motion. The total angular momentum of the atom, the vector j say, is certainly
a constant of the motion. This angular momentum may be regarded as the sum
of two parts, the total orbital angular momentum of all the electrons, 1 say,
and the total spin angular momentum, s say. Thus we have j = 14-s. Now the effect
of the spin magnetic moments on the motion of the electrons is small compared
with the effect of the Coulomb forces and may be neglected as a first approximation.
With this approximation the spin angular momentum of each electron is a constant
of the motion, there being no forces tending to change its orientation. Thus s,
and hence also 1, will be constants of the motion. We now have the three constant
angular momenta 1, s and j, related in the same way as the m, u and M of §49.
The magnitudes, [, s and j say, of these angular momenta will be given by
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I+3h=(2+12+12+30%)3
s+3h=(s2+ s+ s+ 4n%)?
JH3h=(F 4+ 02 AR
corresponding to equation (12) of Chapter VIII, and from (36) of that chapter

we see that with given numerical values for j and s the possible numerical values
for j are

1
2
1
2

[+ s—3h, l+s—3n,... Il —s|+ 3h.

Let us consider a stationary state for which [, s and j have definite numerical
values in agreement with the above scheme. The energy of this state will depend
on [, but one might think that with neglect of the spin magnetic moments it would
be independent of s, and also of the direction of the vector s relative to 1, and thus
of j. Tt will be found in Chapter XI, however, that the energy depends very
much on the magnitude s of the vector s, although independent of its direction
when one neglects the spin magnetic moments, on account of certain phenomena
arising from the fact that the electrons are indistinguishable one from another.
There are thus different energy-levels of the system for each different value of [
and s. This means that [ and s are functions of the energy, according to the general
definition of a function given in §15, since the [ and s of a stationary state are
fixed when the energy of that state is fixed.

We can now take into account the effect of the spin magnetic moments,
treating it as a small perturbation according to the method of §51. The energy
of the unperturbed system will still be approximately a constant of the motion
and hence [ and s, being functions of this energy, will still be approximately
constants of the motion. The directions of the vectors 1 and s, however, not being
functions of the unperturbed energy, need not now be approximately constants of
the motion and may undergo large secular variations. Since the vector j is constant,
the only possible variation of 1 and s is a precession about the vector j. We thus
have an approximate model of the atom consisting of the two vectors 1 and s of
constant lengths precessing about their sum j, which is a fixed vector. The energy
is determined mainly by the magnitudes of 1 and s and depends only slightly on
their relative directions, specified by 7. Thus states with the same [ and s and
different j will have only slightly different energy-levels, forming what is called
a multiplet term.

Let us now suppose our atom to be subjected to a uniform magnetic field of
magnitude 77 in the direction of the z-axis. The extra energy due to this magnetic
field will consist of a term*

e [2me - (m, + ho,), (29)

*¢.7 replaces *.’
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like the last term in equation (34) of Chapter VIII, contributed by each electron,
and will thus be altogether*

e [2mce Z(mz + ho,) =e/2me- (I, +2s,) = e /2me- (j. + s.).  (30)

This is our perturbing energy V. We shall now use the method of §51 to determine
the changes in the energy-levels caused by this V. The method will be legitimate
only provided the field is so weak that V is small compared with the energy
differences within a multiplet.

Our unperturbed system is degenerate, on account of the direction of
the vector j being undetermined. We must therefore take, from the representative
of V in a Heisenberg representation for the unperturbed system, those matrix
elements that refer to one particular energy-level for their row and column,
and obtain the eigenvalues of the matrix thus formed. We can do this best by first
splitting up V into two parts, one of which is a constant of the unperturbed motion,
so that its representative contains only matrix elements referring to the same
unperturbed energy-level for their row and column, while the representative of
the other contains only matrix elements referring to two different unperturbed
energy-levels for their row and column, so that this second part does not affect
the first-order perturbation. The term involving j, in (30) is a constant of
the unperturbed motion and thus belongs entirely to the first part. For the term
involving s, we have

$:(J2+ jo +32) = J=(Sade + Sydy + $:202) + (200 — JoSa)da + (S24y — J=5)dy

or 7» , 1 . .
S, = FER e %[(]2—21@2)—(l2—21£7”_L2)+(52—zlﬂ”l?)]sz_—im[%]x—%hh (31)
where Yz = Szjy - jzsy = Szly - lzsy - lysz - lzsg,m (32)
Yy = jzsw - Szjz = lzsx - Szlx - lzsw - lmsz-

The first term in this expression for s, is a constant of the unperturbed motion and
thus belongs entirely to the first part, while the second term, as we shall now see,
belongs entirely to the second part.

Corresponding to (32) we can introduce

Ve = lpSy — 1S,
It can now easily be verified that

and that , , »
{]Zu %c] = rYy> []z; Vy] = _ryim []Z7 fyZ] = 0

These relations are of the same form as the relations (3), (4) and (5) of
Chapter VIII, so that our 7, v, & 7, are connected with the angular momentum j



170 IX. PERTURBATION THEORY

in the same way in which the z, y & 2z of Chapter VIII were connected with
the angular momentum m. We can thus take over the analysis of §47, in which
the condition was obtained for the non-vanishing of a matrix element of z, y
and z in a representation in which k is diagonal. We find in this way that
the only non-vanishing matrix elements of v,, v,, and 7. in a representation in
which 5 is diagonal are those referring to transitions in which j changes by +h.
The coefficients of 7, and ~, in the second term on the right-hand side of (31)
commute with 7, so that the representative of the whole of this term will contain
only matrix elements referring to transitions in which j changes by +h, and thus
referring to two different energy-levels of the unperturbed system.

Hence the perturbing energy V' becomes, when we neglect that part of it whose
representative consists of matrix elements referring to two different unperturbed
energy-levels,

A {1 4y U — (B ) 4 (2 ifﬁ)} | .

Q_TTLC Jz j2 — %hZ
The eigenvalues of this give the first-order changes in the energy-levels. We can
make the representative of this expression diagonal by choosing our representation
such that j, is diagonal, ¢.e. by taking the fundamental states to be spacially
quantized in the z-direction. The expression (33) then gives us directly
the first-order changes in the energy-levels caused by the magnetic field.
This expression is known as Landé’s formula.

The result (33) holds only provided the perturbing energy V' is small compared
with the energy differences within a multiplet. For larger values of V' a more
complicated theory is required. For very strong fields, however, for which V is
large compared with the energy differences within a multiplet, the theory is again
very simple. We may now neglect altogether the energy of the spin magnetic
moments for the atom with no external field, so that for our unperturbed system
the vectors 1 and s themselves are constants of the motion, and not merely their
magnitudes [ and s. Our perturbing energy V', which is still* es#/2mc - (5, + s.),
is now a constant of the motion for the unperturbed system, so that its eigenvalues
give directly the changes in the energy-levels. These eigenvalues are integral or
half-odd integral multiples of es#h/2mc according to whether the number of
electrons is even or odd.

*¢.7 replaces *.



X. COLLISION PROBLEMS

56. General Remarks

IN this chapter we shall investigate problems connected with a particle which,
coming from infinity, encounters or ‘collides with’ some atomic system and, after
being scattered through a certain angle, goes off to infinity again. The atomic
system which does the scattering we shall call, for brevity, the scatterer. We thus
have a dynamical system composed of an incident particle and a scatterer
interacting with each other, which we must deal with according to the laws of
quantum mechanics, and for which we must, in particular, calculate the probability
of scattering through any given angle. This problem was first solved by Max Born
by a method substantially’ equivalent to that of the next section. We must take
into account the possibility that the scatterer, considered as a system by itself,
may have a number of different stationary states and that if it is initially in one
of these states when the particle arrives from infinity, it may be left in a different
one when the particle goes off to infinity again. The colliding particle may thus
induce transitions in the scatterer.

The Hamiltonian for the whole system of scatterer plus particle will not
involve the time explicitly, so that this whole system will have stationary states
represented by periodic solutions of Schrodinger’s wave equation. The meaning
of these stationary states requires a little care to be properly understood. It is
evident that for any state of the system the particle will spend nearly all its time
at infinity, so that the time average of the probability of the particle being in
any finite volume will be zero. Now for a stationary state the probability of
the particle being in a given finite volume, like any other result of observation,
must be independent of the time, and hence this probability will equal its time
average, which we have seen is zero. We shall thus be interested only in the relative
probabilities of the particle being in different finite volumes, their absolute values
being all zero. Mathematically we have that if the ¢ denoting a stationary
state is normalized correctly for physical interpretation, i.e such that ¢y = 1,

tOriginal:- substantianally
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and if we let () denote that observable, which is a certain function of the position
of the particle (at a given time), that is equal to unity if the particle is in a given
finite volume and zero otherwise, then ¢Q¢) = 0, meaning that the average value
of @), i.e. the probability of the particle being in the given volume, is zero.
It would therefore be more convenient for us to denote the stationary state by
a 1 normalized to infinity, i.e. for which ¢1» — 00,5 the infinity being such as
to make ¢Qv finite. This finite ¢y would then give the relative probability of
the particle being in the given volume.

In picturing a state of a system denoted by a ¢) which is not normalized correctly
for physical interpretation, but for which ¢y =n say, it may be convenient
to suppose that we have n similar systems all occupying the same space but
with no interaction between them, so that each one follows out its own motion
independently of the others. We can then interpret ¢aw, where « is any
observable, directly as the total a for all the n systems. In applying these ideas
to the above-mentioned ¢ normalized to infinity, denoting a stationary state of
the system of scatterer plus colliding particle, we should picture an infinite number
of such systems with the scatterers all located at the same point and the particles
distributed continuously throughout space. The number of particles in a given
finite volume would be pictured as ¢Q, () being the observable defined above,
which has the value unity when the particle is in the given volume and zero
otherwise. If the ¢ is represented by a Schrédinger wave function involving
the Cartesian co-ordinates of the particle, then the square of the modulus of
the wave funetion could be interpreted directly as the density of particles in
the picture. One must remember, however, that each of these particles has its own
individual scatterer. Different particles may belong to scatterers in different states.
There will thus be one particle density for each state of the scatterer, namely,
the density of those particles belonging to scatterers in that state. This is
taken account of by the wave function involving variables deseribing the state
of the scatterer in addition to those describing the position of the particle.

For determining scattering coefficients we have to investigate stationary states
of the whole system of scatterer plus particle. For instance, if we want to determine
the probability of scattering in various directions when the scatterer is initially in
a given stationary state and the incident particle has initially a given velocity
in a given direction, we must investigate that stationary state of the whole
system whose picture, according to the above method, contains at great distances
from the point of location of the scatterers only particles moving with the given
initial velocity and direction and belonging each to a scatterer in the given
initial stationary state, together with particles moving outward from the point
of location of the scatterers and belonging possibly to scatterers in various

$Original:- ¢) = oo
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stationary states. This picture corresponds closely to the actual state of affairs
in an experimental determination of scattering coefficients, with the difference
that the picture really describes only one actual system of scatterer plus particle.
The distribution of outward moving particles at infinity in the picture gives
us immediately all the information about scattering coefficients that could be
obtained by experiment. For practical calculations about the stationary state
described by this picture one may use the perturbation method of §51, taking as
unperturbed system, for example, that for which there is no interaction between
the scatterer and particle.

In dealing with collision problems, a further possibility to be taken into
consideration is that the scatterer may perhaps be capable of absorbing and
re-emitting the particle.  This possibility arises when there exists one or
more states of absorption of the whole system, a state of absorption being
an approximalely stationary state which, at a certain time, is closed in the sense
of §45 (i.e. the probability of the particle being at a greater distance than r from
the scatterer tends to zero as r — 00). Since a state of absorption is only
approximately stationary, its property of being closed will be only a transient
one and after a sufficient lapse of time there will be a finite probability of
the particle being on its way to infinity. Physically this means there is a finite
probability of spontaneous emission of the particle. The fact that we had to use
the word ‘approximately’ in stating the conditions required for the phenomena
of emission and absorption to be able to occur shows that these conditions are
not expressible in exact mathematical language. One can give a meaning to these
phenomena only when one is using a perturbation method. They occur when
the unperturbed system (of scatterer plus particle) has stationary states that
are closed. The perturbation now spoils the stationary property of these states
and gives rise to spontaneous emission and its converse absorption.

For calculating absorption and emission probabilities it is necessary to deal
with non-stationary states of the system, in contradistinction to the case for
scattering coefficients, so that the perturbation method of §52 must be used.
Thus for calculating an emission coefficient we must consider the non-stationary
states of absorption described above. Again, since an absorption is always followed
by a re-emission, it cannot be distinguished from a scattering in any experiment
involving a steady state of affairs, corresponding to a stationary state of the system.
The distinction can be made only by reference to a non-steady state of affairs,
e.g. by use of a stream of incident particles that has a sharp beginning, so that
the scattered particles will appear immediately after the incident particles meet
the scatterers, while those that have been absorbed and re-emitted will begin
to appear only some time later. This stream of particles would then be the picture
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of a certain non-stationary t, normalized to infinity, which could be used for
obtaining the absorption coefficient.

57. The Scattering Coefficient

We shall now consider the calculation of scattering coefficients, taking first the
case when there is no absorption and emission, which means that our unperturbed
system has no closed stationary states. We may conveniently take this unperturbed
system to be that for which there is no interaction between the scatterer and
particle. Its Hamiltonian will thus be of the form

Hy=H,+ W, (1)
where Hy is that for the scatterer alone and W that for the particle alone, namely*
W =1/2m - (p; + py + p%)- (2)

The perturbing energy V', assumed small, will now be a function of the Cartesian
co-ordinates of the particle x, y, 2 and also, perhaps, of its momenta p,, py, p.,
together with dynamical variables describing the scatterer.

Since we are now interested only in stationary states of the whole system,
we can use the perturbation method of §51. Our unperturbed system now
necessarily has a continuous range of energy-levels, since it contains a free
particle, and this gives rise to certain modifications in the perturbation method.
The question of the change in the energy-levels caused by the perturbation, which
was the main question of §51, no longer has a meaning, and the convention in §51
of using the same number of primes to denote nearly equal eigenvalues of H
and H now becomes redundant. Again the problem of secular perturbations
cannot now arise, since if the unperturbed system is degenerate the perturbed one,
which must also have a continuous range of energy-levels, will also be degenerate
to exactly the same extent. Any eigen-¢ of the unperturbed Hamiltonian H,
belonging to the eigenvalue H| say, will be approximately equal to some eigen-1
of H, and indeed to each of an infinity of eigen-v’s of H belonging to a small
range of eigenvalues H’' approximately equal to H). (The meaning of two
-symbols being approximately equal cannot be accurately defined in the case
of continuous eigenvalues without a more rigorous theory than that aimed at in
the present work. It should be noticed, though, that this meaning is such that
two eigen-1¢’s of an observable belonging to two nearly equal eigenvalues may be
approximately equal, in spite of the fact that they are orthogonal.)

*¢ )
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We again express the stationary state (H') of the perturbed system as
the sum of an eigen-¢ ¢(H|) of the unperturbed Hamiltonian and a small
correction . We can no longer, however, take ¢; to be orthogonal to ¢ (H;),
as in equation (5) of §51. The reason for this is that when we introduce our
Yy as in equation (4) of §51 and then express this 11 as the sum of two parts,
one a numerical multiple of 1)(H{), and the other orthogonal to (H{), these parts
may both be large, in the case of continuous eigenvalues H{, in spite of their sum
being small. For example, these parts could be respectively of the form ¢ (H|) and
—(Hj+ dH]). Thus we cannot have our ¢; both small and orthogonal to ¢ (H{)
and we prefer to have it small. To make up for this lack of simplicity in ¥; we can
now take H| exactly equal to H" Let us call this number H{ or H’, equal to
the energy of the stationary state we are seeking, /. We now have the equation

(E — Ho)y(H') = Vi (H') (3)
which gives (B — Ho)yy = Vy(H')
or (B — Hy = W)y = Vip(Hp) (4)

from (1), with neglect of the second-order term V¢/;. We shall use this equation (4)
for determining the stationary states of the perturbed system to the first order.

Let o denote a complete set of commuting variables describing the scatterer,
which are constants of the motion when the scatterer is alone, and may thus be
used for labelling the stationary states of the scatterer. This requires that H, shall
commute with the a’s and be a function of them. We can now take a representation
of the whole system in which the o’s and x, y, 2z, the co-ordinates of the particle,
are diagonal. This will make H diagonal. Let ¢)(H})) be represented by (z«|0) and
11 by (za|l), the single variable x being written in the wave function to denote
x, y and z. In the same way the single differential dx will be written to denote
the product dxdydz. Equation (4), written in terms of representatives, becomes,
with the help of (2),*

{E — H,(a/) + h*/2m - V*}(zd/|1) = Z /(mo/|V|x”o/’) dz" (2"a”|0)  (5)

Suppose that the incident particle has the momentum p° and that the

initial stationary state of the scatterer is o’ The stationary state i(H)) of

our unperturbed system is now the one for which p = p® and o = o° and hence

its representative is of the form
(20|0) = Gaqoe!®>¥/" (6)

This makes equation (5) reduce to*

{E — H,(a/) +h*/2m - V*}(zd/|1) = /(xo/|V]x0a0) da® P> x)/h
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or {k* + V*Nzd/|1) = F, (7)
where* k* =2m/h* {E — H,(/)} (8)
and* F =2m/h*- /(xa'|V\xOo¢0) d 0 iP5 x0)/n 9)

a definite function of z, y, z and o/. We must also have
E = H}, = H,(a) + p**/2m. (10)

Our problem now is to obtain a solution (xa/|1) of (7) which, for values of z, y &
z denoting points far from the scatterer, represents only outward moving particles.
The square of its modulus, |(za/|1)|%, will then give the density of scattered
particles belonging to scatterers in the state o’ when the density of the incident
particles is |(xoz|0)|2, which is unity. If we transform to polar co-ordinates r, 6, ¢,
equation (7) becomes

0?2 20 1 o0 . 0 1 0?

{kQ - or? * ror * 2 sin@%smeﬁ * 72 sin20(97¢2} (réoa’ll) = £ (1)
Now F' must tend to zero as r — oo, on account of the physical fact that
the interaction energy between the scatterer and particle must tend to zero as
the distance between them tends to infinity. If we neglect F' in (11) altogether,

an approximate solution for large r is*
(rfga’[1) = u(0,¢,a/)/r - ™" (12)

where u is an arbitrary function of 6, ¢ and «/, since this expression substituted
in the left-hand side of (11) gives a result of order =3 When we do not neglect F,
the solution of (11) will still be of the form (12) for large r, provided F' tends to
zero sufficiently rapidly as r — oo, but the function u will now be definite and
determined by the solution for smaller values of r.

For values o’ of the a’s such that k? defined by (8), is positive, the k in (12)
must be chosen to be the positive square root of k2, in order that (12) may represent
only outward moving particles, i.e. particles for which the radial component of
momentum p,, represented by —ihd/0r, has a positive value. We now have
that the density of scattered particles belonging to scatterers in state o/, equal
to the square of the modulus of (12), falls off with increasing r according to
the inverse square law, as is physically necessary, and their angular distribution
is given by |u(f,$,a/)[> Further, the magnitude, P’ say, of the momentum of
these scattered particles is equal to kh, since the exponential in (12) must be of

the form e’/ so that their energy is equal to
P/2 k2h2
B B H() = Hi(a") — H(o) + " 2m,

*¢.7 replaces *.
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with the help of (8) and (10). This is just the energy of an incident particle, namely
p°? /2m, reduced by the increase in energy of the scatterer, namely H,(a/)— H,(a?),
in agreement with the law of conservation of energy. For values o' of the a’s such
that k% is negative there are no scattered particles, the total initial energy being
insufficient for the scatterer to be left in the state o’

We must now evaluate u(f, ¢, o) for a set of values o for the o’s such that k? is
positive, and obtain the angular distribution of the scattered particles belonging to
scatterers in state o’. It is sufficient to evaluate u for the direction § = 0 of the pole
of the polar co-ordinates, since this direction is arbitrary. We make use of Green’s
theorem, which states that for any two functions of position A and B the volume
integral [(AV?B — BV?A) dx taken over any volume equals the surface integral
J(AOB/on—BdA/On) dS taken over the boundary of the volume, 9/9n denoting

differentiation along the normal to the surface. We take
A= e—ilm‘cosﬁ7 B = (T0¢a/|1)

and apply the theorem to a large sphere with the origin as centre. The volume
integrand is thus

e—ikv-cosﬁv2<re¢a/|1) . (r0¢a/’1>v2€—ikrcosﬁ
— e—ikTCOSO(VQ + kz)(ré’gbo/ﬂ) — e—ikrcoseF

from (7) or (11), while the surface integrand is, with the help of (12),*

, 0 0 .
—ikr cos 6 / . / —ikr cos 6
e P (rlpa’|1l) — (rfoa \1)—are

i 1 kYN u i

—e zkrcos@u - + =z ezkr +Z—€ZkrkC080€ ikr cos 6
r r r

= tku/r - (1 + cos Q)QZIW(I_COSG)

with neglect of r=2 Hence we get*
27 s
/e_““TCOSOF dr = / do / r2sin® df - iku/r - (14 cos f)e*ri—cosd)
0 0

27 2
=it [ do [ dy (00,02 =)
0 0

where v = 1 — cosf, the volume integral on the left being taken over the whole
of space. The right-hand side becomes, on being integrated by parts with respect
to 7,”*

[ { e —ern] = [ e Lt e 7)]}'

7=0
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The second term in the {} brackets is of the order of magnitude of 1 as would be
revealed by further partial integrations, and may therefore be neglected. We are
thus left with

2
/e—ikrcosﬁF dr = _2/ d¢ U(O, gzﬁ)a’) — —47Tu<0,¢7o/)7
0

giving the value of u(6, ¢, ') for the direction 6 = 0.
This result may be written*

u(0,¢,a) = —1/4m - /e_iPITCOSG/h’F dz, (13)

since P’ = kh. If the vector p’ denotes the momentum of the scattered electrons
coming off in a certain direction (and is thus of magnitude P’), the value of u for
this direction will be*

u(el’ ¢/7 O/) = _1/47T . /e—i(p’,x)/hF dﬂf,

as follows from (13) if one takes this direction to be the pole of the polar
co-ordinates. This becomes, with the help of (9)*

u(@, ¢, ') = —m/2rh” - // e PN o (20! |V |20a0) da® 1P X/
= —2mmh(p'a’|V|p°a?), (14)

when one makes a transformation from the co-ordinates x to the momenta p of
the particle, using the transformation function (36) of Chapter VI. The single
letter p is here used to denote the three components of momentum.

The density of scattered particles belonging to scatterers in state o’ is now
given by |u(@, ¢, o/)]> /r2  Since their velocity is P’/m, the rate at which
these particles appear per unit solid angle about the direction of the vector p’ will
be* P'/m - |u(#, ¢, «/)|> The density of the incident particles is, as we have seen,
unity, so that the number of incident particles crossing unit area per unit time is
equal to their velocity P°/m where P is the magnitude of p® Hence the effective
area that must be hit by an incident particle in order to be scattered in a unit solid
angle about the direction p’ and then belong to a scatterer in state o/ will be*

P/ |u(@, ¢, o) = dx*m*l>P'/P° - | (p'a/|V|p°a®)| . (15)

This is the scattering coefficient for transitions o — o of the scatterer.

It depends on that matrix element (p'a/|V[p’a’) of the perturbing energy V

*¢.7 replaces‘.’
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whose column p’a® and whose row p’a’ refer respectively to the initial and final

states of the unperturbed system, between which the scattering transition process
takes place. The result (15) is thus in some ways analogous to the result (19) or (20)
of Chapter IX, although the numerical coefficients are different in the two cases,
corresponding to the different natures of the two transition processes.

58. Solution with the p-Representation

The result (15) for the scattering coefficient makes a reference only to that
representation in which the momentum p is diagonal. One would thus expect
to be able to get a more direct proof of the result by working all the time in
the p-representation, instead of working in the x-representation and transforming
at the end to the p-representation, as was done in §57. This would not at first sight
appear to be a great improvement, as the lack of directness of the z-representation
method is offset by its greater ‘Anschaulichkeit’ it being possible to picture
the square of the modulus of the x-representative of a state as the density
of a stream of particles in process of being scattered. The x-representation
method has, however, other more serious disadvantages. Omne of the main
applications of the theory of collisions is to the case of photons as incident particles.
Now a photon is not a simple particle but has a polarization. It is evident from
classical electromagnetic theory that a photon with a definite momentum, ¢.e. one
moving in a definite direction with a definite frequency, may have a definite state of
polarization (linear, circular, &c.), while a photon with a definite position, which is
to be pictured as an electromagnetic disturbance confined to a very small volume,
cannot have any definite polarization. These facts mean that the polarization
observable of a photon commutes with its momentum but not with its position.
This results in the p-representation method being immediately applicable to
the case of photons, it being only necessary to introduce the polarizing variable
into the representatives and treat it along with the a’s describing the scatterer,
while the z-representation method is not applicable. Further, in dealing with
photons it is necessary to take the relativity variation of mass with velocity
into account. This can easily be done in the p-representation method, but not
so easily in the x-representation method.

Equation (4) still holds when the relativity variation of mass with velocity is
taken into account for the particle, but W is now given by

W2/ =m?c + P> =m®c + pl + p., + v’ (16)

instead of by (2). Written in terms of p-representatives, equation (4) becomes

{E _ HS(O[I) _ W}(pa/’1> — Z /(pa//"/’pl/a//> dp// (p//o/l‘o)’
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W being here understood as a definite function of p,, p,, p. given by (16). This may
be written

W' = Wipa|1) =) / (p/|VIp"a) dp” (p"a”|0), (17)
where W'=F — Hy(a") (18)
and is the energy required by the law of conservation of energy for
a scattered particle belonging to a scatterer in state o/. The p-representative

of ¥(HY{), obtained by transforming (6) with the transformation function (36) of
Chapter VI, is

(p0]0) = h* Gaa0d(p — ) (19)

as may be verified most easily by transforming this back to the x-representation.
The §(p — p°) means the product

6(pe — 2)0(py — y)0(p- — 1Y),

Equation (17) now becomes

o

{(W' = W}pa'|1) = 1 (pa'|V [p"a). (20)
We now make a canonical transformation from the Cartesian co-ordinates p,,
Dy, P- of p to its polar co-ordinates P, w, x, given by

pe = P cosw, py = Psinw cos x, p, = Psinwsin .

If in the new represcntation we take the weight function P?sinw, then the weight
attached to any volume of p-space will be the same as in the previous
p-representation, so that the canonical transformation will mean simply
a relabelling of the rows and columns of the matrices without any alteration of
the matrix elements or of the set of numbers representing a state. Thus (20) will
become in the new representation

o

{W' — W} (Pwxd|1) = h* (Pwxd |V|P'wx°a?), (21)
W being now a function of the single variable P.

The coefficient of* (Pwya/|1), namely {W’' — W}, is now simply a multiplying
factor and not a differential operator as it was with the z-representation method.
We can therefore divide out by this factor and obtain an explicit expression
for (Pwxa’|l). When, however, o/ is such that W’ defined by (18), is greater

*Original:- (Pwyd'|)
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than mc? this factor will have the value zero for a certain point in the domain
of the variable P, namely the point P = P’ given in terms of W’ by (16).
The function (Pwya/|1) will then have a singularity at this point. This singularity
shows that* (Pwya/|1) represents an infinite number of particles moving about at
great distances from the scatterers with energies indefinitely close to W' and it is
therefore this singularity that we have to study to get the angular distribution of
the particles at infinity.
The result of dividing out (21) by the factor {W’ — W} is

(Pwxd|1) = h* (Pwxd |V|P°WX°a®) AW — W} + Aw, x, o )§(W' — W), (22)

where A is an arbitrary function of w, y and «/, since when an arbitrary multiple
of 6(W’ — W) is multiplied by W’ — W the product will vanish. To give a meaning
to the first term on the right-hand side of (22), we make the convention that
its integral with respect to P over a range that includes the value P’ is the limit
when € — 0 of the integral when the small domain P’ —e€ to P’ +¢ is excluded from
the range of integration. This is sufficient to make the meaning of (22) precise,
since we are interested effectively only in the integrals of the representatives
of states when the representation has continuous ranges of rows and columns.
We see that equation (21) is inadequate to determine the representative (Pwya’|1)
completely, on account of the arbitrary function A occurring in (22). We must
choose this A such that (Pwyd/|1) represents only outward moving particles,
since we want the only inward moving particles to be those represented by (19).

Let us take first the general case when the representative (Pwy|) of a state of
the particle satisfies an equation of the type

{W' = W}(Puwx]) = f(P,w, x) (23)

where f(P,w,x) is any function of P, w and x, and W’ is a number greater
than mc?, so that (Pwy]|) is of the form

(Pwx|) = f(P,w, ) {W' = W} + Mw, x)o(W' = W), (24)

and let us determine now what A must be in order that (Pwy|) may represent
only outward moving particles. ~We can do this by transforming (Pwx])
to the z-representation, or rather the (rfy)-representation, and comparing it
with (12) for large values of r. The transformation function is

(T’H(MP(.UX) — higei(p,x)/h — h7%eiPr[coswcosH+sinwsin9cos(Xf¢)]/h.
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For the direction 8 = 0 we find

_3
(r0g|) = h 2/ P/ dx/ sinw dw eFr e/ (Puyy|)
0

0
w=m

2m zPrcosw/h
dP d (P
/ /Clv X { |: ZPT/h le):|w 0

7Td ezPrcosw/T o P
[ e S s P}

The second term in the {} brackets is of order r—2 as may be verified by further

partial integrations with respect to w, and can therefore be neglected. We are
left with

l\J\DJ

=h

(&%) 27
(r06|) = ih*(2mr) ! / PdP / dx {e P (Pry]) — P (POY]))
0 0
= ih 3! / PdP {e "M Pry|) — M(POx|)} (25)
0

When we substitute for (Pwyl) its value given by (24), the first term in
the integrand in (25) gives

ih—hr1 /OOO PdPe M F(P ) /(W = W) + X, x)0(W = W)} (26)

The term involving 6(W’ — W) here may be integrated immediately and gives,
when one uses the relation P dP =W dW /c?, which follows from (16),

ih~2c / W dW e M\, \)6(W' — W) = ih ™2 2 YW\ (m, x)e T/
mc2

(27)
To integrate the other term in (26) we use the formula
00 e—iPr/h 00 e—iP’r/h
P dP = g(P' dP 28
| aprg—par =aP) [ g ap. (28)
with neglect of terms involving 7% for any continuous function g¢(P),

which formula holds since [ K (P)e™*P"/" d P is of order r~* for any continuous
function K(P) and since the difference

9(P)/(P" = P) = g(P)/(P' - P)

is continuous. The right-hand side of (28), when evaluated with neglect of terms
involving r~, and also with neglect of the small domain P'—e to P'+¢ in the domain
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of integration, gives
00 e—iPr/fL , oo ei(P’—P)r/h
P P — a(P —iP'r/h P
oP) [ Gepap =P [

. —iprern 7 sin(P'— P)r/h
= ig(P")e”""/ /_Oo 5

dP =img(Pe /" (29)

In our present example g(P) is
g(P) = ik *r'Pf(P, m x)(P' = P)/(W = W),
which has the limiting value when P = P/,
g(P) = ih 27 P (P! m x\)W'/P'¢? = ih ¢ 2 W f(P', 7, X).

Substituting this in (29) and adding on the expression (27), we obtain the following
value for the integral (26)

Wb W f(PLm x) — i\ ) e P (30)
Similarly the second term in the integrand in (25) gives
22 YW {—m f(PL 0, x) —iA(0, x) }et TR (31)

The sum of these two expressions is the value of (r0¢|) when r is large.
We require that (r0¢|) shall represent only outward moving particles, and hence
it must be of the form of a multiple of ¢’”"/%. Thus (30) must vanish, so that

Am, x) = —imf (P m x). (32)

We see in this way that the condition that (rf¢|) shall represent only outward
moving particles in the direction 6 = 0 fixes the value of A for the opposite direction
6 = m. Since the direction 6 = 0 or w = 0 of the pole of our polar coordinates is
not in any way singular, we can generalize (32) to

Aw, x) = —im f(P] w, ), (33)

which gives the value of A for an arbitrary direction. This value substituted in
(24) gives a result that may be written

(Pwx]) = f(Pw, x){1/ (W' = W) —imd(W' = W)}, (34)

since one can substitute P’ for P in the coefficient of a term involving 6 (W' —W) as
a factor without changing the value of the term. The condition that (Pwy|) shall
represent only outward moving particles is thus that it shall contain the factor

(1/(W' = W) —ird(W' — W)}, (35)
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With A given by (33), expression (30) vanishes and the value of (r0¢|) for
large r is given by expression (31) alone, thus

(rOg|) = —2nh~2c 2 YW/ f(PL 0, x)e "/

This may be generalized to  (rf¢|) = —2nh™2¢ 2~ W' f(P! w, x)e /"
giving the value of (rf¢|) for any direction 6 & ¢ in terms of f(P] w,x) for the
same direction labelled by w & x. This is of the form (12) with

u(, ¢) = —2wh 22 W' f(Pl w, x)

and thus represents a distribution of outward moving particles of momentum P’
whose number is

2P’ A W' P’

ol = T (P (36)
per unit solid angle per unit time. This distribution is the one represented by
the (Pwy]) of (34).

From this general result we can infer that, whenever we have a representative
(Pwy|) representing only outward moving particles and satisfying an equation of
the type (23), the number per unit solid angle per unit time of these particles is
given by (36). If this (Pwx|) occurs in a problem in which the number of incident
particles is one per unit volume, it will correspond to a scattering coefficient
of amount

AW O P!
W’f@f w, X[’ (37)

It is only the value of the function f(P, w,x) for the point P = P’ that is
of importance.
If we now apply this general theory to our equations (21) and (22), we have

PP, w,x) = b3 (P |V [P’y *a").
Hence from (37) the scattering coefficient is*
(AR WOW'P' [c' P) - | (P'wxa [V |PPwx%a®)[" (38)

If one neglects relativity and puts WOW’/c? =m? this result reduces to
the result (15) obtained in the preceding section by means of Green’s theorem.

*¢.7 replaces ‘.
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59. Dispersive Scattering

We shall now determine the scattering when the incident particle is capable of
being absorbed, that is, when our unperturbed system of scatterer plus particle
has closed stationary states with the particle absorbed. The existence of these
closed states for the unperturbed system will be found to have a considerable effect
on the scattering for the perturbed system, and indeed an effect that depends very
much on the energy of the incident particle, giving rise to the phenomenon of
dispersion in optics when the incident particle is taken to be a photon.

We use a representation for which the basic kets correspond to the stationary
states of the unperturbed system, as was the case with the p-representation of
the preceding section. These stationary states are now the states ¢ (p'a’) for which
the particle has a definite momentum p’ and the scatterer is in a definite state
o/, together with the closed states, v, say, which form a separate discrete set.
We shall assume that these states are all independent and orthogonal, so that
our representation is of the usual orthogonal type. This assumption is probably
not justifiable when the particle is an electron or atomic nucleus, since in this case
for an absorbed state 1, the particle will still certainly be somewhere, so that
one would expect to be able to expand vy, in terms of the eigen-¢’s ¥ (2'a/) of
x, y, z and the o’s, and hence also in terms of the )(p'a’)’s. On the other hand,
when the particle is a photon it will no longer exist for the absorbed states,
which are then certainly independent of and orthogonal to the states ¥ (p'a’)
for which the particle does exist. Thus the assumption is valid in this case, which
is an important practical one.

The representative of a state will now consist of a diserete set of numbers (k|)
referring to the fundamental states 1, together with the three-dimensional
continuous ranges of numbers (p'a/|) referring to the ¥(p'a’), there being one
such range for each set of values o' for the o’s. Similarly the matrices representing
observables will now contain discrete rows and columns labelled by k together with
continuous ranges labelled by (p, a). Thus, for example, the matrix representing V/,
the perturbing energy, will have elements (K'|V|K"), (K'|V|p"a"), (p'¢/|V|E") and
(p'a’|V|p"a”).

Since we are concerned with scattering, we must still deal with stationary
states of the whole system, which will still be given by an equation of the type (3).
We shall now, however, have to work to the second order of accuracy, so that
we cannot simply use the first-order equation (4). The exact equation (3) gives,
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when written in terms of representatives,

W= Wipa) =3 / (b |VIpa") dpf" (5"} + 3 (ped [V IK") (K"
a// k// (39)
{E Ek} /C’ Z/ k|V|p" // ( 1/ //| +Z k|v|k// (]{Z//D

k//

where W’ is given by (18) and Fj is the energy of the stationary state 1t of
the unperturbed system. If we suppose the exact ¢)(H’) to be expressed as the sum
of Y(H{), a first-order correction v, a second-order correction 15, and so on, thus

Y(H') = Y(Hy) + 91 + g + -,

the r-th-order correction will be given in terms of the (r — 1)-th by

(E - HO)wr = qubr—l-

Thus its representative (po/|r), (k|r) will be given by

(W=} (pa|r Z / (o |VIp"a") dyf" (5" [r—1) + 3 (oo |V k") (K] —1)

k//

{E — Ex}(klr) Z/ (EVIp"a”) dp” (p"a|r—1) + > (k[V[E")(K"|r1).
k//
(40)
For r = 1 these equations are just the generalization of (17) when there exist
absorbed states 1. The unperturbed stationary state v (p’a’) will now be

represented by

(pat|0) = h26,m08(p — p°),  (K[0) =0, (41)

instead of merely by (19), so the first-order correction will be given by
(W' = Wpa'|1) = b2 (pa/|V [p°a”) (42)
{E = Eg}(k[1) = h2 (k[V[p"a°). (43)

We may assume that the matrix elements (K'|V|k”) of V  vanish,
since these matrix elements are not essential to the phenomena under investigation,
and if they did not vanish it would mean simply that the absorbed states
¥ had not been suitably chosen. We shall further assume that the matrix
elements (p'd’|V|p”a”) are of the second order of smallness when the matrix
elements (K'|V|p"a”), (p'a/|V|K") are taken to be of the first order of smallness.
This assumption will be justified for the case of photons in Chapter XII. We now
have from (43) and (42) that (k|1) is of the first order of smallness, provided E
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does not lie near one of the discrete set of energy-levels Ej, and (pa|l) is of
the second order. The value of (pa|2) to the second order will thus be given,
from the first of equations (40), by

(W' = Whpa'|2) = h2 Y (p/|VIF")(K'|V [p°a®) {E = Ep}

k//

The total correction of the second-order, arising partly from (pa|l) and partly
from (pa|2), therefore satisfies

{W=WH(pa'[)+(pa’[2)} = k2 {(m’\VIPOaO)JrZ(m’!V!k)(/f!V!P‘)Oto)/(E—Ek)}-

This equation is of the type (23), provided o’ is such that W’ > mc?, which means
that o' as a final state for the scatterer is not inconsistent with the law of
conservation of energy. We can therefore infer from the general result (37) that
the scattering coefficient is

42 W2 WOW' P!

(' |V|E)(k|V |p°a®
50 (p/O/|V’p +Z | | | | )

E — Ej

(44)

The scattering may now be considered as composed of two parts, a part that
arises from the matrix element (p'o/|V[p°a®) of the perturbing energy and a part
that arises from the matrix elements (p'a’|V|k) and (k|V[p’a"). The first part,
which is the same as our previously obtained result (38), may be called the true
scattering. The second part may be considered as arising from an absorption of
the incident particle into some state k, followed immediately by a re-emission in
a different direction. The fact that we have to add the two terms before taking
the square of the modulus denotes interference between the two kinds of scattering.
There is no experimental way of separating the two kinds, the distinction between
them being only mathematical.

60. Resonance Scattering

Suppose the energy of the incident particle to be varied continuously while
the initial state a® of the scatterer is kept fixed, so that the total energy E varies
continuously. The formula (44) now shows that as E approaches one of the discrete
set of energy-levels Fj, the scattering becomes very large. In fact, according to
formula (44) the scattering should be infinite when E' is exactly equal to an FEj.
An infinite scattering coefficient is, of course, physically impossible, so that we can
infer that the approximations used in deriving (44) are no longer legitimate when
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E is close to an Fj. To investigate the scattering in this case we must therefore
go back to the exact equations (39) and use a different method of approximating
to their solution.

Let us take one particular Ejy and consider the case when E is close to it.
The large term in the scattering coefficient (44) now arises from those elements of
the matrix representing V' that lie in row & or in column k, ¢.e. those of the type
(k|V|pa) or (pa|V|k). The scattering arising from the other matrix elements of V/
is of a smaller order of magnitude. This suggests that in our exact equations (39)
we should make the approximation of neglecting all the matrix elements of V'
except the important ones, which are those of the type (pa/|V|k) or (k|V|pa/),
where o/ is a state of the scatterer that has not too much energy to be disallowed
as a final state by the law of conservation of energy. These equations then reduce to

(W'~ W(pa']) = (pe[VIE) (K] (45)
(F-E}H) = / (k[VIpa') dp (pa']) (46)

the o summation being over those values of o for which W’ given by (18)
is > mc?. These equations are now sufficiently simple for us to be able to solve
exactly without further approximation.

From (45) we obtain by division

(pa’]) = (pa[VIE)(R) AW = W} + A6(W' = W) (47)
We must choose A, which may be any function of the momentum p and o/,
such that (47) represents the incident particles (19) together with only outward
moving particles. [The right-hand side of (19), with o substituted for «, is actually
of the form \J(W’'—W), since the conditions a = o and p = p° for this right-hand
side not to vanish lead to W/ = F — Hy(«/) = F — Hy(a®) = W% and W = W¢,
which together give W’ = W.] Thus (47) must be
(pal) = h=0( = %) + (po'|V IR (KI){1/ (W' = W)+ img (W' = W)} (48)
and from the general formula (37) the scattering coefficient will be*
4m*WOW' P [he' PO) - (ool [VIE) [ | (K]). (49)
It remains for us to determine the value of (k|). We can do this by substituting
for (pa/|) in (46) its value given by (48). This gives

{E—Ep} (k) =h2 (k|[V[p*a®)+ (k) / |(k|V [pa) {1/ (W= W) —izs(W'=W)} dp

=13 (k|V[p*a®) + (k[){a — ib},

*¢.> replaces ‘.” and the first factor is bracketed.
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where a= Z,/ |(k|V|pa!)|> dp /(W' — W) (50)

wd p— w3 [ J0VIpa) SOV~ W) dp

w5 [[[ 10VIRana) s WP ap sin de dx

= 7r2:P’I/V'c_2 // [(k|V|P'wxa) sinw dw dy . (51)
Thus (k|) = h2 (k|V[p°a®) /{E — B}, — a + ib}. (52)

Note that a and b are real and that b is positive.
This value for (k|) substituted in (49) gives for the scattering coefficient
AT P WOW'P' |(p'o!|VIK)[ | (k]V [pa%)
A PO (E—Fp— a2+ 02

(53)

One can obtain the total effective area that the incident particle must hit in order
to be scattered anywhere by integrating (53) over all directions of scattering,
i.e. by integrating over all directions of the vector p’ with its magnitude kept
fixed at P’, and then summing over all o’ that are to be taken into consideration,
i.e. for which W’ > mc?. This gives, with the help of (51), the result

ATh2WO b (k|V |p°a®))?
PO (E—Ep—a)® + b2

(54)

If we suppose E to vary continuously through the value E}, the main variation
of (53) or (54) will be due to the small denominator (E— E,—a)?+b?. If we neglect
the dependence of the other factors in (53) and (54) on E, then the maximum
scattering will occur when E has the value Fj + a and the scattering will be half
its maximum when F differs from this value by an amount b. The large amount
of scattering that occurs for values of the energy of the incident particle that
make F nearly equal to E, give rise to the phenomenon of an absorption line.
The centre of the line is displaced by an amount a from the resonance energy of
the incident particle, i.e. the energy which would make the total energy just Fj,
while the quantity b is what is sometimes called the half-width of the line.

61. Emission and Absorption

For studying emission and absorption we must consider non-stationary states of the
system and must use the perturbation method of §52. To determine the coefficient



190 X. COLLISION PROBLEMS

of spontaneous emission we must take a state for which the particle is initially
absorbed, so that the representative of the state is then

(k) =1, (pal) =0,

and determine the probability that at some later time the particle shall be on
its way to infinity with a definite momentum. The method of §54 can now
be applied. From the result (28) of that section we see that the probability per
unit time per unit range of w and y of the particle being emitted in any direction
W', X" with the scatterer being left in state o is*

2/ |(K|V WX ), (55)

provided, of course, that o/ is such that the energy W, given by (18), of the particle

is greater than mc?. For values of o/ that do not satisfy this condition there

is no emission possible. The matrix element (k|V|W'w'x'a’) here must refer to
a representation in which W, w, y and « are diagonal with the weight function
unity. The matrix elements of V' appearing in the three preceding sections refer to
a representation in which p,, p,, p. are diagonal with the weight function unity,
or P, w, x are diagonal with the weight function P?sinw. They would thus
refer to a representation in which W, w, x are diagonal with the weight function*
dP/dW-P?sinw = WP/c*-sinw. Thus the matrix element (k|V|W'w'y'a’) in (55)
is equal to* (W’'P’/c?-sinw’)? times our previous matrix element (k|V|W'w'y'a/)
or (k|V]p'a’), so that (55) is equal to

2n W'P!
h 2

sinw’ |(k|V[p'o)|?.

The probability of emission per unit solid angle per unit time, with the scatterer
simultaneously dropping to state o/, is thus

2 WP

= |(B[VIpa)[” (56)

To obtain the total probability per unit time of the particle being emitted
in any direction, with any final state for the scatterer, we must integrate (56)
over all angles w’, ¥’ and sum over all states o/ whose energy H (o) is such that
Hy(a') + mc* < Ej,. The result is just 2b/h, where b is defined by (51). There is
thus this simple relation between the total emission coefficient and the half-breadth
b of the absorption line.

Let us now consider absorption. This requires that we shall study a state for
which initially the particle is certainly not absorbed but is incident with a definite

*¢.7 replaces *.



61. Emission and Absorption 191

momentum. Thus the initial representative of the state must be of the form (41).
We must now determine the probability of the particle being absorbed after time 7.
Since our final state 1 is not one of a continuous range, we cannot use directly
the result (28) of §54. If, however, we take

(pal)o = daaod(p — "),  (k[)o =0, (57)

as the initial representative of the state, the analysis of §§52 and 54 is still
applicable as far as equation (25) and shows us that the probability of the particle
being absorbed into state 1, after time T is

2 ‘(k|V|p0a0)|2 [1 — cos{(Ey, — E)T/h}/(E; — E)*

This corresponds to a distribution of incident particles of density h~3, owing to
the omission of the factor k2 from (57), as compared with (41). The probability of
there being an absorption after time 7" when there is one incident particle crossing
unit area per unit time is therefore

203WO /AP - | (k|V[p°a®)|* [1 — cos{(Ey, — E)T/R}]/(Ex — E)® (58)

To obtain the absorption coefficient we must consider the incident particles not
all to have exactly the same energy W° = E — H,(a"), but to have a distribution
of energy values about the correct value FEj, — H,(a) required for absorption.
If we take a beam of incident particles consisting of one crossing unit area per
unit time per unit energy range, the probability of there being an absorption after
time T will be given by the integral of (58) with respect to E. This integral may
be evaluated in the same way as (26) of §54 and is equal to*

4 2WOT /AP - | (k|V[p%a®)]”.

The probability per unit time of an absorption taking place with an incident beam
of one particle per unit area per unit time per unit energy range is therefore*

A2 (AP - (k|0 (59)

which is the absorption coefficient.

The connexion between the absorption and emission coefficients (59) and (56)
and the resonance scattering coefficients calculated in the preceding section should
be noted. When the incident beam does not consist of particles all with the same
energy, but consists of a unit distribution of particles per unit energy range crossing
unit area per unit time, the total number of incident particles with energies near
an absorption line that get scattered will be given by the integral of (54) with
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respect to E. If one neglects the dependence of the numerator of (54) on E,
this integral will, since

0 b
dE —
/_OO(E—Ek—a)Qer? ™

have just the value (59). Thus the total number of scattered particles in
the neighbourhood of an absorption line is equal to the total number absorbed.
We can therefore regard all these scattered particles as absorbed particles that are
subsequently re-emitted in a different direction. Further, the number of particles
in the neighbourhood of the absorption line that get scattered per unit solid angle
about a given direction p’ and then belong to scatterers in state o will be given by
the integral with respect to E of (53), which integral has in the same way the value

AT’ RPWOW'P' 1t
A PO b

/o 2
(/o' VIR | (R|V[p°a®)]

This is just equal to the absorption coefficient (59) multiplied by the emission
coefficient (56) divided by 2b/A, the total emission coefficient. This is in agreement
with the point of view of regarding the resonance scattered particles as those that
are absorbed and then re-emitted, according to which point of view the fraction
of the total number of absorbed particles that are re-emitted in a unit solid angle
about a given direction would be just the emission coefficient for this direction
divided by the total emission coefficient, provided the absorption and emission
processes are governed independently each by its own probability law.



XI. SYSTEMS CONTAINING
SEVERAL SIMILAR PARTICLES

62. Symmetrical and Antisymmetrical States

IF a system in atomic physics contains a number of particles of the same kind,
e.g. a number of electrons, the particles are absolutely indistinguishable one from
another. No observable change is made when two of them are interchanged.
This circumstance gives rise to some curious phenomena in quantum mechanics
having no analogue in the classical theory, which arise from the fact that in
quantum mechanics a transition may occur resulting in merely the interchange
of two similar particles, which transition then could not be detected by any
observational means. A satisfactory theory ought, of course, to count two
observationally indistinguishable states as the same state and to deny that any
transition does occur when two similar particles exchange places. We shall
find that such a theory can be developed in agreement with the principles of
quantum mechanics.

Suppose we have a system containing n similar particles. We may take
as our dynamical variables a set of variables & describing the first particle,
the corresponding set & describing the second particle, and so on up to the set &,
describing the n-th particle. We shall then have the §’s commuting with the &/s
for r # s. (We may require certain extra variables, describing what the system
consists of in addition to the n similar particles, but it is not necessary to mention
these explicitly in the present chapter.) The Hamiltonian describing the motion
of the system will now be expressible as a function of the &, &, ..., &,. The fact
that the particles are similar requires that the Hamiltonian shall be a symmetrical
function of the &, &, ..., &,, i.e. it shall remain unchanged when the sets of
variables &, are interchanged or permuted in any way. This condition must hold
no matter what perturbations are applied to the system.

We may take a representation with observables ¢i, qo, ..., ¢, diagonal, which
are such that the ¢i's are the values at time ¢ of certain commuting dynamical
variables describing the first particle, the ¢o's are the values at time ¢ of the

193



194 XI. SYSTEMS CONTAINING SEVERAL SIMILAR PARTICLES

corresponding variables describing the second particle, and so on. We may further
choose the phases of the representation in the same way for each of the particles.
(This means, for example, that if a certain momentum p; describing the first
particle is represented by —ihd/dq;, the corresponding momentum p, describing
the r-th particle must be represented by —ifid/dq,.) The representation will then
treat all the particles on the same footing. The condition that the Hamiltonian H is
symmetrical between all the particles may now be expressed by the condition that
its representative (¢1¢5 ... q,|H|q/q5 ... q), or (¢'|H|q") for brevity, is symmetrical
between all the ¢’s, i.e. that it remains unchanged if any permutation is applied
to the ¢'’s and the same permutation to the ¢”’s. This condition may be expressed
analytically thus,

(¢'1Hlq") = (Pq'|H|Pq"), (1)
where P denotes any permutation of the numbers 1, 2,..., n and Pq¢’ denotes
the set of numbers obtained by applying the permutation P to the suffixes of

Qs s -5 G
Let (¢idh-..q,|) or (¢'|) be the wave function representing any state. It will
satisfy the wave equation

o) = [l " (), (2

If we apply any permutation P to the variables ¢’ in (¢’|) we shall obtain a function
(Pq'|) satisfying

. 3 / / " " "
i (Pq]) = /(Pq |Hl|q") dq" (¢"])
- /(P(J’IHIPq”) dq" (Pq"|),

since we can apply any permutation to the variables of integration ¢” in
the intergrand without changing the value of the integral. With the help of (1)
this becomes 5

g (Pl = [l dd (), )

which shows that (P¢’|) is a solution of the wave equation (2). Hence if we apply
any permutation to the wvariables in a solution of the wave equation we obtain
another solution.

Suppose we take a state whose representative (¢|) at some particular time ¢ is
a symmetrical function of all the ¢’s, so that

(d']) = (Pq]) (4)
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for any P. The right-hand sides of (2) and (3) are now equal, so that

S = (P

This equation is the time derivative of (4) and shows that if (4) holds at one
particular time it holds also at a slightly later time, and thus by induction it holds
at all times. Thus if a wave function is initially symmetrical it always remains
symmetrical.

Similarly we may take a state whose representative (¢'|) at some particular
time is antisymmetrical, i.e. (q1¢5...q,|) changes sign with interchange of any
pair of ¢"’s. We shall then have

(') = =(Pq']), (5)

the + or — sign being taken according to whether the permutation P is even or odd
(i.e. according to whether P can be built up from an even or an odd number of
simple interchanges). The same argument as before now shows that if a wave
function is initially antisymmetrical it always remains antisymmetrical.

Let us make a canonical transformation to a )-representation which, like the
original g-representation, treats all the particles on the same footing. This means
that the ()’s consist of corresponding sets of observables ()1, QQs, ..., @, describing
the first, second, ..., nth particle respectively and that the phases are chosen in
the same way for each of the particles. The transformation function will now be
of the form

(Q1Q3 .- Qulayds - - - q,) = (Q1lq1)(Qalgy) - - (Qrlar), (6)

in which each factor (Q!|q.) is the same function of its variables Q. & d..
This condition gives, if we denote (Q1Q5 ... Q" |¢1d .- q,) by (Q'|¢') for brevity,

(Q'ld") = (PQ'|PY), (7)

for an arbitrary permutation P. The new representative of any state is given by
@)= [ @) dd (@) ©)
From this equation we can deduce that
PQ) = [(PQl)dd )
- [r@1pg) ad ()
- [@0)ad (pa) )



196 XI. SYSTEMS CONTAINING SEVERAL SIMILAR PARTICLES

with the help of (7). Now if (¢|) is symmetrical, so that equation (4) holds,
the right-hand sides of (8) and (9) are equal. We then have (Q'|) = (PQ'|),
so that (Q'|) is also symmetrical. Similarly if (¢’|) is antisymmetrical, (Q’])
is also antisymmetrical. Thus the property of the representative of a state
of being symmetrical or antisymmetrical remains invariant under a canonical
transformation. This invariance, together with the fact proved above that a wave
function if initially symmetrical or antisymmetrical always remains so, shows that
the property of being symmetrical or antisymmetrical is a property of the states
themselves and not merely a property of their representatives. Thus we can talk
about symmetrical and antisymmetrical states.

The invariance and permanence of the symmetry properties of the states means
that for some particular kind of particle it is quite possible for only symmetrical
or only antisymmetrical states to occur in nature. Whether this is the case
cannot he decided by any general theoretical considerations, but can be settled
only by reference to special experimentally determined facts about the particles
in question. For photons one can settle the question by making use of Planck’s
radiation law. Only when one assumes the symmetrical states for photons does
one get a statistical mechanics leading to Planck’s law for radiation in statistical
equilibrium. This statistical mechanics is known as the Einstein-Bose statistics,
as it was first introduced by Satyendra Nath Bose and Albert Einstein before the
arrival of the modern quantum mechanics.

For electrons we use the fact that, if we make the approximation of regarding
the electrons in an atom as each moving in its own ‘orbit’ (i.e. as being each
describable by its own wave function involving only its own variables), then no
two electrons will ever be in the same orbit. This fact, which is known as
Pauli’s exclusion principle, may be inferred from general experimental evidence
on atomic structure. Let us see how to fit it in with the theory. If the wave
functions representing the different orbits are

(q/’al)v (q/‘OQ)? R (q,|0‘n)

a wave function representing the whole atom will be given by the product

(di]a1)(gs]a2) - - (g |om) = (¢'|) (10)

say, for brevity. Other wave functions representing the same distribution of
electrons over the various orbits may be obtained by applying any permutation
to the a’s in (10). There will be altogether n! such wave functions, the general one
being (¢'| Pa). Any linear combination of these wave functions will also represent
the same electron distribution. One such linear combination is the sum

> (d|Pa), (11)

P
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which is symmetrical between all the ¢’s. Another is
> £(¢|Pa), (12)
P

the +or —sign being taken according to whether P is an even or odd permutation,
and this one is antisymmetrical. =~ The antisymmetrical wave function (12)
has the property that it vanishes identically if two of the a’s are equal.
Hence if we assume that for electrons only antisymmetrical states occur, we shall
get the result that there are no states with two electrons in the same orbit, which is
just Pauli’s exclusion principle. This assumption is the only one we can make which
will lead to Pauli’s exclusion principle.

In this way we can see that for photons we must take the symmetrical
states and for electrons the antisymmetrical states. These are special cases
of an empirical rule, which appears to hold without exception, according
to which only the symmetrical or only the antisymmetrical states occur
according to whether the particles in question carry a charge of an even or
an odd multiple of the electronic charge. When only the symmetrical or only
the antisymmetrical states are allowed for a particular kind of particle, the theory
can no longer make a distinction between two states which differ only through
a permutation of the particles, so that the difficulties mentioned at the beginning
of this section disappear.

63. Permutations as Observables

Let us now build up a general theory for a system containing n similar particles
when states with any kind of symmetry properties are allowed, i.e. when there
is no restriction to only symmetrical or only antisymmetrical states. The general
state now will not be symmetrical or antisymmetrical, nor will it be expressible
linearly in terms of symmetrical and antisymmetrical states when n > 2.

If P denotes any permutation and v any w-symbol, we can give a meaning
to P, the 1-symbol obtained by operating on ¢ with P. We define Py to be
the 1-symbol whose representative is (P¢’|), obtained by applying the permutation
P to the representative (¢'|) of 1. This Pt is independent of the representation
used for defining it, as follows from equation (9). Further, the operation by which
P1) is obtained from ) is a linear one. Hence we can regard P as the product of
an observable P with ¢, i.e. we can regard the permutation P as an observable.

There are n! permutations, each of which can be regarded as an observable.
One of them, P; say, is the identical permutation, which is equal to unity.
If ) denotes a symmetrical state, we have

P =1 (13)
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for any P, and hence a symmetrical 1 is an eigen-1 of every permutation belonging
to the eigenvalue unity. Similarly an antisymmetrical v is an eigen-1¢ of every
permutation belonging to the eigenvalue 1 according to whether the permutation
is even or odd. The product of any two permutations is a third permutation and
hence any function of the permutations is reducible to a linear function of them.
Any permutation P has a reciprocal P! satisfying PP~! = P~'P = P, = 1.

A permutation P, like any other observable, can be represented by a matrix.
Its g-representative (¢'|P|q”) will satisfy

[P dg @) = (P )
and hence (d'IPlq") = 0(Pq — ¢") (14)
(¢ = P'q"). (15)
The ¢ function in (14) or (15) denotes the product of n factors of the type

S{Pq}, — ") or 6(¢. — {P~'q"},) respectively. The conjugate complex of P
is given by

o
4]

(d'[Plg") = (¢"|P|d) = 6(¢" = P~'q)
— (q/|P—1|q//)
from (15) and (14), so that P=P" (16)

Thus a permutation is not in general a real observable, its conjugate complex being
equal to its reciprocal.
Any permutation of the numbers 1, 2, 3,..., n may be expressed in the cyclic
notation, e.g. with n = 8
Py = (143)(27)(58)(6), (17)

in which each number is to be replaced by the succeeding number in a bracket,
unless it is the last in a bracket, when it is to be replaced by the first in
that bracket. Thus P, changes the numbers 12345678 into 47138625. The type of
any permutation is specified by the partition of the number n which is provided by
the number of numbers in each of the brackets. Thus the type of P, is specified by
the partition 8 = 3+2+42+1. Permutations of the same type, 7.e. corresponding to
the same partition, we shall call similar. Thus, for example, P, in (17) is similar to

P, = (871)(35)(46)(2). (18)

The whole of the n! possible permutations may be divided into sets of similar
permutations, each such set being called a class. The permutation P, = 1 forms
a class by itself. Any permutation is similar to its reciprocal.

When two permutations P, and P, are similar, either of them P, may be
obtained by making a certain permutation P in the other P,. Thus, in our
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example (17), (18) we can take P to be the permutation that changes 14327586
into 87135462, i.e. the permutation

P = (18623)(475).
We then have the algebraic relation between P, and P,
P, = PP,P". (19)

To verify this, we observe that the product P,y of P, with any 1 is changed into
Py if one applies the permutation P to the P, in the product but not to the 1.
If we multiply the product by P on the left, we are applying this permutation to
the whole ¥-symbol P, and thus to both the P, and the v, so that we must insert
another factor P~! between the P, and the 9, giving us PP, P~! to equate to Pyi.
An alternative proof consists in noting that when the permutation P is applied to
the representative §(P,¢' — ¢") of P,, it gives §( PP,¢' — Pq") or 6(PP,P~'¢' — ¢"),
which is just the representative of PP, P~ 1.

Equation (19) is the general formula showing when two permutations P, and
P, are similar. Of course P is not uniquely determined when P, and P, are given,
but the existence of any P satisfying (19) is sufficient to show that P, and P, are
similar.

64. Permutations as Constants of the Motion

A permutation P may be considered as an observable at each instant of time and
may therefore be considered as a dynamical variable. Let us see how P varies
with the time. The fact that the Hamiltonian is symmetrical leads at once to
the equation

PH = HP, (20)

as may be verified by a similar argument to that used for equation (19),

or alternatively by a direct application of the matrix representatives.
Thus from (14)

(¢'|PH|{") = / 6(Pq —q")dqd" (¢"|H|q") = (Pq'|H|q")
and from (15)
(¢|HP|q") = /(q’|H|q’”) dq" 6(¢" — P~'¢") = (¢'|H|P~'¢"),

and the two right-hand sides are now equal from (1). Equation (20) shows that
each permutation is a constant of the motion. The P’s are still constants when



200 XI. SYSTEMS CONTAINING SEVERAL SIMILAR PARTICLES

arbitrary perturbations are applied to the system, provided the perturbing energy
to be added to the Hamiltonian is symmetrical. Thus the constancy of the P’s
is absolute.

In dealing with any system in quantum mechanics, when we have found
a constant of the motion «, we know that if for any state, « initially has
the numerical value ¢, then it always has this value, so that we can assign different
numbers o' to the different states and so obtain a classification of the states.
The procedure is not so straightforward, however, when we have several constants
of the motion a which do not commute (as is the case with our permutations P),
since we cannot assign numerical values for all the o’s simultaneously to any state.
Let us first take the case of a system whose Hamiltonian does not involve the time
explicitly. The existence of constants of the motion o which do not commute is then
a sign that the system is degenerate. We must now look for a function 3 of the a’s
which has one and the same numerical value 5’ for all those states belonging to one
energy-level H', so that we can use [ for classifying the energy-levels of the system.
We can express the condition for 8 by saying that it must be a function of H,
according to the general definition of a function of an observable, so that g must
commute with every observable that commutes with H, i.e. with every constant of
the motion. If the a’s are the only constants of the motion, or if they are a set that
commute with all other independent constants of the motion, our problem reduces
to finding a function 3 of the a’s which commutes with all the a’s. We can then
assign a numerical value 5’ for 5 to each energy-level of the system. If we ean find
several such functions 3, they must all commute with each other, so that we can
give them all numerical values simultaneously and obtain a complete classification
of the energy-levels. When the Hamiltonian involves the time explicitly one
cannot talk about energy-levels, but the 5’s will still give a useful classification for
the states.

We follow this method in dealing with our permutations P. We must find
a function y of the P’s such that PyP~! =y for every P. It is evident that
a possible x is > P., the sum of all the permutations in a certain class c,
i.e. the sum of a set of similar permutations, since > PP.P~! must consist of
the same permutations summed in a different order. There will be one such y
for each class. Further, there can be no other independent y, since an arbitrary
function of the P’s can be expressed as a linear function of them with numerical
coefficients, and it will not then commute with every P unless the coefficients of
similar P’s are always the same. We thus obtain all the x’s that can be used for
classifying the states. It is convenient to define each y as an average instead of

a sum, thus
Xe = nc_l Z Pca
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where n, is the number of P’s in the class c¢. An alternative expression for x. is

Xe=n"'> PP.P} (21)
P

the summation being extended over all the n! permutations P. For each
permutation P there is one y, x(P) say, equal to the average of all permutations
similar to P. One of the x’s is x(P;) = 1.

The constants of the motion x1, X2, ..., Xm obtained in this way will each have
a definite numerical value for every stationary state of the system, in the case
when the Hamiltonian does not involve the time explicitly, and also in the general
case can be used for classifying the states, there being one set of states for every
permissible set of numerical values x}, x5,..., x,, for the x’s. Since the x’s
are absolute constants of the motion, these sets of states will be exclusive,
i.e. transitions will never take place from a state in one set to a state in another.

The permissible sets of values x’ that one can give to the x’s are limited by
the fact that there exist algebraic relations between the x’s. The product of any
two X’s, XpXgq, i of course expressible as a linear function of the P’s, and since
it commutes with every P it must be expressible as a linear function of the x’s,
thus

XpXq = Q1X1 + Q2X2 + * - + G Xom- (22)

where the a’s are numbers. Any numerical values x’ that one gives to the x’s must
be eigenvalues of the x’s and must satisfy these same algebraic equations. For every
solution ' of these equations there is one exclusive set of states. One solution
is evidently x;, = 1 for every yx,, and this gives the set of symmetrical states
satisfying (13). A second obvious solution is y;, = 41, the + or — sign being taken
according to whether the permutations in the class p are even or odd, and this gives
the set of antisymmetrical states. The other solutions may be worked out in any
special case by ordinary algebraic methods, as the coeflicients a in (22) may be
obtained directly by a consideration of the types of permutation to which the x’s
concerned refer. Any solution is, apart from a certain factor, what is called in group
theory a character of the group of permutations. The x’s are all real observables,
since each P and its conjugate complex P~! are similar and will occur added
together in the definition of any y, so that the x’’s must be all real numbers.

The number of possible solutions of the equations (22) may easily be
determined, since it must equal the number of different eigenvalues of an arbitrary
function B of the x’s. We can express B as a linear function of the y’s with
the help of equations (22); thus

B = bixi +baxa + -+ 4 b Xom- (23)

Similarly we can express each of the quantities B2 B3 ..., B™ as a linear function
of the x’s. From these m equations, together with the equation x(P;) = 1, we can
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eliminate the m unknowns x1, xo, .. ., Xm, Obtaining as result an algebraic equation
of degree m for B,

B™ 4+ ¢, B" Y4B 2+ 4¢, =0.

The m solutions of this equation give the m possible eigenvalues for B,
each of which will, according to (23), be a linear function of by, by, ..., by, whose
coefficients are a permissible set of values X}, X5,..., X,,- These sets of values
X’ thus obtained must be all different, since if there were fewer than m different
permissible sets of values Y’ for the y’s there would exist a linear function of
the x’s every one of whose eigenvalues vanishes, which would mean that the linear
function itself vanishes and the x’s are not linearly independent. Thus the number
of permissible sets of numerical values for the y’s is just equal to m, which is
the number of classes of permutations or the number of partitions of n. This
number is therefore the number of exclusive sets of states.

The properties of the P’s which are not properties of the x’s will only describe
the degeneracy of the states, in the case of a system whose Hamiltonian does not
involve the time explicitly. If ¢ denotes any stationary state, f(P)y, where f(P)
is any function of the permutations, will denote another stationary state belonging
to the same energy-level, except when it vanishes identically. By expanding
f(P)® in terms of a complete set of independent stationary states belonging to
this energy-level, we get a representation of f(P) and thus of each P. In this way
we see that, if we obtain a matrix representation of all the P’s consistent with
each of the x’s being a certain number x’, then the number of rows and columns
of the matrices will be the degree of degeneracy of the states in the exclusive
set X/, i.e. the number of independent states belonging to each energy-level.
This degeneracy is an essential one and cannot be removed by any perturbation
that is symmetrical between all the similar particles. The states ¢» and f(P)y are
observationally indistinguishable, since any observation that can actually be made
must consist in measuring an observable that is symmetrical between the similar
particles and therefore commutes with f(P). This remark applies also when
the Hamiltonian involves the time explicitly.

65. Determination of Energy-levels

Let us apply the perturbation method of §51 and make a first-order calculation of
the energy-levels in the case when the Hamiltonian does not involve the time
explicitly. ~ We suppose that for our unperturbed states each of the similar
particles has its own ‘orbit’, represented by a wave function (¢'|«) involving
only the co-ordinates ¢’ of this one particle. We shall have altogether n orbits,
one for each particle, which we assume for the present to be all different,
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and label oy, as,..., a,. The wave function representing an unperturbed state
of the whole system will then be the product (10). If we apply an arbitrary
permutation P, to the a’s, we shall obtain another wave function

(o) (galas) - (g |ar) = (¢'| Pacy) (24)

representing another unperturbed state with the same energy. There are thus
altogether n! unperturbed states with this energy, if we assume there are no other
causes of degeneracy. According to the method of §51 when the unperturbed
system is degenerate, we must consider those elements of the matrix representing
the perturbing energy V' that refer to two states with the same energy, 7.e. those of
the type (P,a|V|Pya) where P, and P, are two permutations of the a’s. These will
form a matrix with n! rows and columns, whose eigenvalues are the first-order
corrections in the energy-levels.

It is necessary in the present discussion to distinguish between the two kinds of
permutations, those of the ¢’s and those of the a’s. The essential difference between
them can perhaps be seen most clearly in the following way. Let us consider
a permutation in the general case, say that consisting of the interchange of 2
and 3. This may be interpreted either as the interchange of the objects 2 and 3
or as the interchange of the objects in the places 2 and 3, these two operations
producing in general quite different results. The first of these interpretations
is the one we have been using up to the present, the objects concerned being
the ¢’s in the representative of a state. A permutation with this interpretation can
be applicd to an arbitrary function of the ¢’s. A permutation with the second
interpretation has a meaning, however, when applied to a function of the ¢’s
only if each of the ¢’s has a definite specifiable place in the function. This is
not the case for a general function of the ¢’s, but it is the case for any of
the n! functions of the type (24), the place of each ¢ being specified by the «
with which it is bracketed. Any permutation applied to the ¢’s in given places
now produces the same result as the reciprocal permutation applied to the a’s.
A permutation of the ¢’s (i.e. one with the first interpretation), since it can be
applied to any function of the ¢’s, i.e. to the representative of any ¢-symbol, may be
regarded as an ordinary observable. On the other hand, a permutation of places
or of the a’s can be considered as an observable only in a very restricted sense,
since it has a meaning only when multiplied into a ¥-symbol whose representative
is one of the n! wave functions (24) or some linear combination of them. We denote
such a permutation of the a’s, considered as an observable in this restricted sense,
by the symbol P

We can form algebraic functions of the observables P® which will be other
observables in the same restricted sense. In particular we can form y(P2),

the average of all P*’s similar to P®. This must equal x(P,), the average of
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the similar permutations of the ¢’s, since the total set of all permutations of
a given type must evidently be the same whether the permutations are applied
to the objects ¢ or to the places a.

If we set up arbitrarily a one-one correspondence between the ¢’s and the o’s,
as is done automatically when we label both the ¢’s and the a’s by the numbers
1,2, 3,...,n, as in (10), then, if we have any permutation of the ¢’s, we can give
a meaning to this same permutation of the a’s. This meaning is such that

(qla) = (Pq|Pa).

In this equation we can apply a permutation P, to the o’s on both sides, which will
give us
(qlPact) = (Pgq|P.Pa), (25)

an equation which shows us the connexion between permutations of the ¢’s and
those of the a’s when applied to the wave function (24).

The matrix (P,a|V|Pya), which we must now study, may be obtained from
the matrix (¢'|V]q"”) representing V' by a canonical transformation, in which
the transformation functions are just (¢'|P,«), the wave function (24), and its
conjugate complex (P,a|q’), provided these functions are properly normalized.
Thus

(PalVIFia) = [ [(Raald) dd (V1" dd" (o' Pre). 20
Again, for arbitrary P,
(P,Pa|V|P,Pa) = / / (P.Pald) dd (¢VId") dd" (¢'|P,Pa)
= //(PaPoz|Pq’) dq (Pq|V|Pq")dq" (Pq"|P,Pa),

when we apply the permutation P to the variables of integration ¢ and ¢”. With
the help of (25), this reduces to

(P,Pa|V|P,Pa) = //(Paa]q’) dq¢ (Pq|\VIPq") dq" (¢"| Pycv). (27)
Now since V' is symmetrical between all the particles, we must have
(¢'V1g") = (Pq|VIPq"),
like (1), and hence, comparing (26) and (27), we obtain

(Pa|V|Pya) = (P,Pa|V|P,Pa). (28)
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Let (Pa|V|a) = Vp for brevity. Then, taking P = P, ' in (28), we obtain
(Poc|V|Pyx) = (PP V) = Vi por.

Thus the general matrix element (P,a|V|P,«) depends only on the ratio P,P; ',
and of the total of (n!)?> matrix elements there are only n! different ones.
The coefficient of any Vp in this matrix will be a matrix, each of whose elements
is 0 or 1, the 1 occurring when

(PaOé’V|PbOé) = Vp,

i.e. when P,P, ' = P. But this matrix, multiplied into any wave function (q|P,«),
gives the result (q|P,) with P,P, ' = P, i.e. it gives the result (¢|PPy), so that
it is precisely the matrix representing the observable P® or the permutation P
applied to the a’s. Thus the whole matrix (P,a|V|Py«) is equal to the matrix
representing »  , VpP®, where the summation is over all the n! permutations P,
and we can put

V=> VpP (29)

This formula shows that the perturbing energy V is equal to a linear function
of the permutation observables P® with numerical coefficients Vp. It is, of course,
only an approximate formula, as it holds only with neglect of those matrix
elements of V' that refer to two different energy-levels of the unperturbed system.
It can, however, be used for the calculation of the energy-levels in the first
approximation, and is very convenient for this purpose as the expression >, VpP®
is easily handled. This expression, it should be remembered, is an observable only
in the restricted sense mentioned above, but this sense is sufficiently general for
equation (29) to be valid with neglect of those matrix elements of V' referring to
two different energy-levels of the unperturbed system.

As an example of an application of (29) we shall determine the average energy
of all those states arising from a given state of the unperturbed system that belong
to one exclusive set. This requires us to calculate the average eigenvalue of V' when
the x’s have specified numerical values x’. Now the average eigenvalue of P cquals
that of P*P*P>~! for arbitrary P and thus equals that of n!=' 3" ,, P*PePe!
which is x'(PY) or x/(FP,). Hence the average eigenvalue of V is >, Vpx/(P).
A similar method could be used for calculating the average eigenvalue of any
function of V, it being only necessary to replace each P* by x(P) to perform
the averaging.

The number of energy-levels in an exclusive set y = ' that arise from a given
state of the unperturbed system is equal to the number of eigenvalues of (29) that
are consistent with the equations x = x’. This number is the number of rows



206 XI. SYSTEMS CONTAINING SEVERAL SIMILAR PARTICLES

and columns in a representation of the P’s in which each xy = X/, which number,
from the result at the end of the preceding section, is just the degree of degeneracy
of the states in this set.

The modifications required in the theory when the orbits aq, as,..., a,
of the undisturbed system are not all different may easily be made.
Suppose, for example, that a; and ay are the same. Then the permutation Py,
that causes an interchange of «; and @y must equal unity. Only functions of
the P%’s that commute with P now have a meaning. This, however, is sufficient
for us to be able to follow out the same sort of argument as before, and obtain
a result of the same form (29). The term in the summation in (29) that involves
the permutation P} now does not occur, since it could be added on to the term
involving the identical permutation Pj*. For the remaining terms, any two terms
P and P* must have the same coefficient if the permutations P and P can
be obtained from one another by the interchange of oy and «s. This results in
> p VPP commuting with Pg and thus having a meaning. The condition P} =1
will impose restrictions on the possible numerical values y’ that the x’s can have
and will reduce the number of characters.

66. Application to Electrons

Let us now consider the case when the similar particles are electrons. This requires,
according to Pauli’s exclusion principle discussed in §62, that we take into account
only the antisymmetrical states. It is now necessary to make explicit reference
to the spin properties of the electrons. The effect of the spin on the motion of
an electron in an electromagnetic field is not very great. There will be additional
forces on the electron due to its magnetic moment, requiring additional terms in
the Hamiltonian. The spin angular momentum will not have any direct action
on the motion, but it will come into play when there are forces tending to rotate
the magnetic moment, since the magnetic moment and angular momentum are
constrained to be always in the same direction. These effects are all small,
however, of the same order of magnitude as that of the relativity variation of
mass with velocity, so there would be no point in taking them into account in
a non-relativity theory. The importance of the spin lies not in these small effects
on the motion of the electron, but in the fact that it gives two internal states to
the electron, corresponding to the two possible values of the spin component in any
assigned direction, which causes a doubling in the number of independent states of
an electron moving in a given field. This fact has far-reaching consequences when
combined with Pauli’s exclusion principle.

Let us take a representation in which the diagonal observables ¢, describing the
r-th electron are its three Cartesian co-ordinates z, y, z, and the z-component o,
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of its spin vector o, which was introduced in §43. The representative of a state
will now be
(X1, 22, ... T, 01,09, ...,0,]) = (z0]), (30)

the single variable x being written instead of x, y, z and the suffix z being dropped
from o,’s that occur in representatives. The exclusion principle requires that (30)
shall be antisymmetrical in the x’s and o’s together, i.e. if any permutation is
applied to the x’s and also to the ¢’s, (30) must remain unchanged or change sign
according to whether the permutation is even or odd. In symbols

(z,0]) = £(Pz, Pol) (31)

for any permutation P. Thus even if we neglect the spin forces in the Hamiltonian,
we must take the spin variables into account in order to determine what states are
allowed by the exclusion principle.

If the theory of the three preceding sections is applied directly to the case
of electrons, it will not give anything of interest, since all the allowed states
are eigenstates of any permutation belonging to the eigenvalue +1. We may,
however, consider permutations P which operate on the x-variables alone in
the representative of a state, and apply our theory to these. Such permutations
may also be considered as observables. Further, they are also constants of
the motion when we neglect the terms in the Hamiltonian that arise from
the spin forces, which neglect results in the Hamiltonian not involving the spin
observables . Hence with these permutations P we can again introduce the x’s,
equal to the average of all of the P’s in each class, and assert that for any
permissible set of numerical values y’ for the x’s there will be one exclusive set
of states. Thus there exist these exclusive sets of states for systems containing
many electrons even when we restrict ourselves to a consideration of only those
states that satisfy Pauli’s principle. The exclusiveness of the sets of states is now,
of course, only approximate, since the x’s are constants only so long as we neglect
the spin forces. There will actually be a small probability for a transition from
a state in one set to a state in another.

From (31) we obtain

PP° =41, (32)

where P denotes any permutation which operates on the z-variables and P7
the same permutation operating on the o-variables in the representative of
a state. There is thus a simple connexion between the P’s and P?’s, which
means that instead of studying the observables P we can get all the results
we want, e.g. the characters y/, by studying the observables P%. The P7’s are
much easier to study on account of the fact that the o variables in the wave
function have domains consisting each of only the two points 1 and —1, which are
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the two eigenvalues of each o.. This fact results in there being fewer characters x’
for the group of permutations of the o-variables than for the group of general
permutations, since it prevents a function of the variables oy, 09,..., 0, from
being antisymmetrical in more than two of them.

The study of the observables P? is made specially easy by the fact that we can
express them as algebraic functions of the observables o. Consider the quantity

012 = %{1 + (0’1, 0'2)}.
With the help of equations (42) of §43 we find readily that

(o1, 0'2)2 = (012025 + 01402y + 01z02z)2 =3 —-2(01,0,), (33)
and hence that O12° = H1 +2(01,03) + (01, 05)%} = 1. (34)
Again, we find O1201; = 3{012 + 09y — 101,09y + 101,02, }

022012 = ${ 02z + 014 + 101409, — 101,09}

and hence 01201, = 09,019.
Similar relations hold for oy, and 0y, so that we have

O1201 = 03013
or 01,005, = 3.
From this we can obtain with the help of (34)

Olgo'gszl = 0.
These commutability relations for O, with o1 and o, are precisely the same as

those for Pf,, the permutation consisting of the interchange of the spin variables
of electrons 1 and 2. Thus we can put

012 = CP102,

where ¢ is a number. Equation (34) shows that ¢ = £1. To determine which
of these values for c is the correct one, we observe that the eigenvalues of Py,
are 1, 1, 1 & —1, corresponding to the fact that there exist three independent
symmetrical and one antisymmetrical function of the two variables oi., o0s.,
namely, with the notation of §43, the three symmetrical functions f,(01)fa(02),
fs(o1)fs(02), falor)fs(o2) + fs(01)fa(o2), and the one antisymmetrical function
falo1)f5(02) — fa(01)fa(o2). Thus the mean of the eigenvalues of Py, is 3.
Now the mean of the eigenvalues of (o1, 02) is evidently zero and hence the mean
of the eigenvalues of Oy, is 3. Thus we must have ¢ = +1, and so we can put

P =3{1+ (01,02)}.
In this way any permutation P? consisting simply of an interchange can be
expressed as an algebraic function of the o’s. Any other permutation P? can

be expressed as a product of interchanges and can therefore also be expressed
as a function of the o’s. With the help of (32) we can now express the P’s as
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algebraic functions of the o’s and eliminate the P?’s from the discussion. We have,
since the —sign must be taken in (32) when the permutations are interchanges and
since the square of an interchange is unity,

Plgz—%{1+(01,0'2)}. (35)

The formula (35) may conveniently be wused for the evaluation of
the characters x’ which define the exclusive sets of states. We have, for example,
for the permutations consisting of interchanges

1 2
X12 = X(Pr2) = —2{1+ mZ(UmUt)}.

r<t

If we introduce the observable s to describe the magnitude of the total spin angular
momentum, ¥ y .o, in units of A, through the formula

2 1 __ 1}2 1}2
S —1—<7 O, 3 Ut);
r t

analogous to equation (12) of Chapter VIII, we have

22(0},0}) = <Z O’T,Zdt) — Z (o, 0%)

r<t T
=45 —1— 3n.
Hence _ 1y 4 —1—-3n) _ n(n—4)+4s*—1 (36)
Xz =2 n(n —1) B 2n(n — 1) '

Thus y12 is expressible as a function of the observable s and of n the number of
electrons. Any of the other x’s could be evaluated on similar lines and would have
to be a function of s and n only, since there are no other symmetrical functions
of all the o observables which could be involved. There is therefore one set of
numerical values x’ for the x’s, and thus one exclusive set of states, for each
eigenvalue s’ of s. The eigenvalues of s are

n —

N

Y

[

1 11 1
s +3, =3,

the series terminating with % or 1.

We see in this way that each of the stationary states of a system with several
electrons is an eigenstate of s, the magnitude in units of A, of the total spin angular
momentum 3 Y o,, belonging to a definite eigenvalue s’ For any given s’ there
will be 25’ possible values for a component of the total spin vector in any direction
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and these will correspond to 2s’ independent stationary states with the same
energy. When we do not neglect the forces due to the spin magnetic moments
these 25’ states will in general be split up into 2s’ states with slightly different
energies, and will thus form a multiplet of multiplicity 2s. Transitions in which
s’ changes, i.e. transitions from one multiplicity to another, cannot occur when
the spin forces are neglected and will have only a small probability of occurrence
when the spin forces are not neglected.

We can determine the energy-levels of a system with several electrons to the first
approximation by using formula (29). If we consider only the Coulomb forces
between the electrons, then the interaction energy V will consist of a sum of
parts each referring to only two electrons, which will result in all the matrix
elements Vp vanishing except those for which P is the identical permutation or is
simply an interchange of two electrons. Thus (29) will reduce to

V=Vi+) V.P2, (37)

r<s

V,s being the matrix element referring to the interchange of orbits r and s.
Since the P%’s have the same properties as the P’s, any function of the P’s
will have the same eigenvalues as the corresponding function of the P’s, so that
the right-hand side of (37) will have the same eigenvalues as

Vit Y VieP

r<s
or Wi — %Z Vis{l+ (o,,05)} (38)
r<s
from (35). The eigenvalues of (38) will give the first-order corrections

in the energy-levels. The form of (38) shows that a model which assumes a coupling
energy between the spins of the various electrons, of magnitude —4V,..(o,, o) for
the electrons in the r and s orbits, would meet with a fair amount of success.
This coupling energy is much greater than that of the spin magnetic moments.
Such models of the atom were in use before the justification by quantum mechanics
was obtained.

If two of the orbits of our unperturbed system are the same, say the orbits a;
and « are the same, we must take only those eigenvalues of (37) that are consistent
with P = 1, or those eigenvalues of (38) consistent with P = 1 or P = —1.
This means we must take only those eigenvalues of (38) belonging to eigenfunctions
that are simultaneously eigenfunctions of P}, belonging to the eigenvalue —1,
1.e. eigenfunctions that are antisymmetrical in o; and o5. Thus we may say that
the two electrons in the orbits a; and as have their spins antiparallel. The case of
more than two orbits the same cannot occur with electrons.
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67. Theory of Einstein-Bose Assemblies

IN Chapter X a theory was given of the scattering, absorption and emission
of a particle by an atomic system. The interaction of the particle and atomic
system was assumed to be describable by an interaction energy V appearing in
the Hamiltonian, which interaction energy had to be small but was otherwise
arbitrary. If we could determine the energy of interaction between a photon and
an atom or molecule, we could apply the methods of Chapter X immediately to
the case when the incident particle is a photon. In this way we could obtain
a theory of the interaction of light with an atomic system. We cannot determine
this energy of interaction directly from analogy with the classical theory, in the way
we obtained the Hamiltonians for most of the systems dealt with up to the present,
since the phenomenon of the interaction of a photon with an atom has no analogue
in the classical theory. We must proceed in a more indirect way. We know that
the interaction of an atom with a field of radiation can be described approximately
by classical electrodynamics when the field of radiation consists of a large number
of photons. Our method is therefore to assume an arbitrary interaction energy V'
between a single photon and the atom and then in terms of V' to investigate
the interaction of a large number of photons with the atom. By comparing
this interaction with that given by classical electrodynamics we can then obtain V.
Our problem now is thus to deal in general terms with the interaction of
a large number of photons with an atom. This problem, it is important to observe,
is a generalization of that of Chapter X, in spite of the fact that we then often
considered a large number of incident particles. The incident particles of Chapter X
were all independent and each had its own scatterer. In fact they were only
introduced to help us to picture one actual incident particle interacting with one
scatterer. We now have a large number of actual photons all interacting with
the same atom. Also our photons are independent of one another since, even if
there are no forces between them describable by an interaction energy, they are,
as we saw in the preceding chapter, such that only states that are symmetrical
between them occur in nature, i.e. they satisfy the Einstein-Bose statistics.

211
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Let us first consider the problem of an assembly of n similar systems of
any kind that satisfy the Einstein-Bose statistics and are all perturbed by some
external field of force. If we take a representation in which sets of observables

q1, o, - - -, qn describing the first, second,. . .last system respectively, are diagonal,
the representative (¢jqj ... ¢,|) of any state must be symmetrical in the variables
¢, ¢, ..., ¢,. Suppose the eigenvalues of any of the ¢’s, ¢, say, are ¢V, ¢,
¢®), ..., which we assume for definiteness to be discrete. These eigenvalues must

be the same for each of the n systems, i.e. they must be independent of r.
(They will each be in general a set of numbers, consisting of an eigenvalue of
each of the set of commuting observables ¢,.) If we now have any symmetrical
function of the variables ¢/, ¢}, ..., ¢/, each point in the domain of this function
can be specified by n!, nj, nj, ..., the numbers of ¢”’s equal to ¢V, ¢®, ¢® ...,
respectively. The variables n/, nj, nj,... will do just as well as the variables
41, @yy---, q,, so long as we are dealing only with symmetrical functions.
Thus the representatives of states of our assembly satisfying the Finstein-Bose
statistics may be expressed as functions of the variables nf, n}, nj, ... instead of
the variables ¢}, ¢4, . . ., ¢,. This change is effectively a canonical transformation to
a new representation in which the rows and columns of the matrices are labelled by
the observables ni, no, ns3,... which observables are the numbers of systems with
¢’s equal to ¢V, ¢, ¢®. .. respectively, or, as we may say, the numbers of systems
in the states ¢V, ¢®, ¢®. ... Since the new observables n, ns, ns, ... are functions
of the ¢1, q2, ..., g, (non-analytic functions, it is true), the transformation is of
the trivial kind consisting essentially of a relabelling of the rows and columns and
the only change to be made in the representative of a state will be that arising
from the change in the weights of the different points of its domain. To determine
this change we use the condition

Y lmng =D l(@az- - aal)l”
ni,ng, ... 91,92, -+ n

from which we can infer that

(g P = H@raz- - aal) ), (1)

the summation in (1) being over all values of the ¢’s such that n; of them are
equal to ¢V, ny equal to ¢@, and so on. The number of terms in the summation
in (1) is n!/(n1!ng!ng!. .. ) and they are all equal, on account of (¢1¢z . . . ¢,|) being
symmetrical. It is thus clear that we must take

(ning...|) = [n!/nilngng! .. .}%(q1q2 ). (2)

The question of interest now is to express the Hamiltonian of the system in
terms of the new observables nq, no, ns,.... We can do this by writing down its
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representative in the g-representation and transforming to the n-representation.
Since the transformation is of an unusual kind, the most convenient way of
making it is to write down the whole Schrédinger equation and to transform that.
This Schrodinger equation is

L0
Zh@(%%---%’) = Z(qlqg...qn\H\qiqé...q;)(qllqé...q;\). (3)

’o
‘11)‘121-“’%

The Hamiltonian H is of the form
=Y U,

where U, is the energy associated with the r-th system, consisting of its proper
energy together with its interaction energy with the external field of force, and is
a function of the dynamical variables of the r-th system only. The representative of
U, in the g,-representation will be (¢.|U,|q), which will be a matrix independent
of r, i.e. the same for each of the n systems. Its elements may also be
written (¢ |U|q®) or Uy, for brevity. The representative of U, in the complete
g-representation will be

/) / " _n nN / "
(016 - Ul dias - - - 4n) = (@ |UrG) 001070000 - - - Oqr_ a7 Oqt1arty, - - - Oapats-

This makes the Schrodinger equation (3) reduce to

L0
Zﬁa(qlqa---an:Z (@Urla-) (@12 - - - gul)

T

+ Z (QT’UT’%’”)(Q1Q2 ces QTfIQ;«qr+1 ce QRD . (4)
9 Fqr

the terms arising from the diagonal matrix elements of H being separated from
the non-diagonal ones for convenience later.

If we now make the transformation to the n-representation, using equation (2),
equation (4) becomes

m%(nmg ) =D (@lUlg) (mama )

S (g +1)/ng, ] (0|0 g ) (nina g =1 g +1.]).

ToqrFgr
(5)
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after removal of the factor [ni!na!ng!. .. /n!]? throughout. The sum 3" (¢,|U,|q,)
in (5) means a sum of terms each of the type (¢\9|U]¢'¥) or U,,, the number of
times this type occurs being the number of ¢’s that equal ¢®), which is just n,.
Thus this sum is equal to ) n,U,.. Again, the double sum ) Eq#% in (5)

consists of terms each of the type [(ny + 1)/na2Um(ning .. .ng —1...np +1...|)
with b = a. The number of times thls type occurs is equal to the number of ways
of choosing r and ¢ such that ¢. = ¢ and ¢’ = ¢'*. This is just n,, the number
of ways of choosing r such that ¢. = ¢\®, since there is always just one way of
choosing ¢’ = ¢®. Equation (5) thus reduces to

8
3t nan Zna aa n1n2 |)
+ZZn2 nb+1 Uw(ning...ng—1...np1...|),
a b#a

which may be written

0 1 3
8t(nm2 ) :an(nb—i—l—(5ab)2Uab(n1n2...na— lL...np+1...]) (6)
a,b

if by (ning...ng—1...np+1...|) when b = a we understand simply (nins...n,...|)

The eigenvalues of each of our new dynamical variables n;, no,... are
the integers 0, 1, 2, 3,.... They are thus the same, apart from the factor A,
as those of the action variable J in the problem of the simple harmonic
oscillator, when the arbitrary constant in this action variable is chosen as in
equation (22) of §41. Hence each n, is a dynamical variable of the same nature as
the action variable of a simple harmonic oscillator and we can introduce an angle
variable w, canonically conjugate to it, or rather we can introduce e« and e~
Corresponding to equations (24) of §41 we shall have

€ ng = (ny — 1)e™" (7)
e n, = (g + 1)e "™
Also we have that e, e=™ and n, commute with e®, e~ and n, for b # a.
The new observables e/« & e~ are defined by their matrix representatives in
a representation in which n, is diagonal, like the e & e~ of §41. From the form
of these matrix representatives it follows that when e ™ is multiplied into
a 1-symbol whose representative is (ning...n,...|), the representative of
the product is
(nlng...na+1...]),
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and when e is multiplied into this ¢-symbol, the representative of the product is

(nng...ng—1...]), forn, >1,
0, for n, = 0.

This means that when e ™ and e™< are multiplied into t-symbols, they are
equivalent to the operations of substitution of n, +1 and n, —1 for n, respectively,
the second substitution being understood to give the result zero for n, = 0.

We can now express the operator on the right-hand side of (6) explicitly in
terms of the n, and their canonical conjugates w,. It is, in fact, just

i i Wq . —iW
E n2(ny + 1 — dgp)2Ugpe e
a,b

= Z n2eta Uy (ny + 1)2e (8)
a,b

with the help of (7). This quantity (8) is our Hamiltonian expressed in
terms of the new dynamical variables n, and w,. The U, are, of course,
just numerical coefficients.

We can easily generalize this result to apply to a more general type of
Hamiltonian, namely, that describing the perturbation of the assembly, not by
an external field of force, but by some other atomic system, which we shall call
for definiteness the perturber, the reaction of the assembly on the perturber
being taken into account. We now have to introduce some more dynamical
variables,  say, to describe the perturber. Our Hamiltonian will be of the form

H=Hp+>» U, (9)

where Hp is the Hamiltonian that describes the perturber alone and U, is
the energy associated with the r-th system of the assembly, consisting of its proper
energy plus its interaction energy with the perturber. Hp will be a function
of the A’s only and U, will be a function of the variables describing the r-
th system and also the §’s. We can express the new sum ) U, in terms of
the n,, w, variables by the same method as before and the result will be of the same
form (8), with the difference that the Ug,’s will no longer be numbers but will be
functions of the ’s. The definition of U, will now be that its representative in
the (-representation, the (’s being any complete set of commuting observables
taken out of the f’s, is

('Uw|C") = (g |U|C" g™, (10)

the matrix on the right being the representative of U, in the representation in
which ¢, and (¢ are diagonal. We shall still have U, commuting with the n’s
and w’s.
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It is possible to express any function of the dynamical variables that is
symmetrical between all the particles in terms of the new variables n, and w,.
The transformation may be conveniently carried out by considering the function
of the dynamical variables to be the Hamiltonian for some dynamical system and
then writing down the Schrodinger equation and transforming that. The general
case has been considered by Jordan.f

68. Discussion of Einstein-Bose Assemblies

In the preceding section we saw how the Hamiltonian describing an Einstein-Bose
assembly, or more generally any symmetrical function of the dynamical variables
of all the systems of the assembly, can be expressed in terms of variables n, & w,,
analogous to the action and angle variables of a simple harmonic oscillator.
This shows that an Einstein-Bose assembly is dynamically equivalent to a set of
stmple harmonic oscillators, there being one oscillator corresponding to each of
a complete set of independent states of a system of the assembly, the quantum
number of the oscillator corresponding to the number of systems in the state.

We may replace the set of simple harmonic oscillators by a train of waves,
each Fourier component of the waves being dynamically equivalent to a simple
harmonic oscillator. Thus our Einstein-Bose assembly is dynamically equivalent
to a system of waves. This provides us with a complete reconciliation between the
corpuscular and wave theories of radiation. We may regard radiation either as an
assembly of photons satisfying the Einstein-Bose statistics or as a system of waves,
the two points of view being consistent and mathematically equivalent.

We can gain a greater insight into the connexion between the systems of
an Einstein-Bose assembly by considering the limiting case when the number
of systems in each state is large, i.e. when the n’s are large. We introduce
the observable*

o = (ng + 1)t ™e = g7Wap},
whose conjugate complex is
£, = e (ng + 1) = niee

This &, is the analogue of p — iq for the harmonic oscillator, apart from numerical
coefficients. We have
gaga = na _I_ 1
§aba = T (11)
tJordan, Pascual. (1927). Uber Wellen und Korpuskeln in der Quantenmechanik. Zeitschrift

fiir Physik, 45(11-12), pp. 766-775. doi:10.1007/bf01329554
*{in original the first equation omits the final  index}
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and thus £, — €6, = 1. (12)

We can now express the Hamiltonian (8), describing the perturbation of
the assembly by an external field of force, in terms of the &,’s and their conjugate
complexes, the result being

H=> &Uanb
a,b
The equations of motion for the &/s are

ihS =& H — HE =Y Uas, (13)
b

with the help of (12) and the condition that £, commutes with &, and &, when b # a.
When the n/s are large, the /s are also large and we may neglect the unity
on the right-hand side of (12). With this approximation our observables* ¢, & &,
all commute with each other and may be counted as numbers. The equations
of motion (13) now become ordinary differential equations between numbers.
These equations are identical to the Schrodinger equation for a single one of
the systems perturbed by the external field of force, the set of numbers &, playing
the part of the Schrodinger function (¢(*|) and Uy, being the representative of
the Hamiltonian. If this Schrodinger function is normalized to n, it may be
considered to represent an assembly of n independent systems in the way discussed
in §56. The interpretation of the Schrédinger function, namely the interpretation
of ‘(q(“)|)‘2 as the number of systems in state ¢(*, now corresponds exactly
to the interpretation of the /s provided by equation (11). We thus have
the result that an assembly of a large number of similar systems is described
by the same equations, whose solutions are to be interpreted in the same way,
whether the systems are independent or satisfy the Finstein-Bose statistics.

Since an assembly of independent systems and an assembly satisfying
the Einstein-Bose statistics are two physically different things, it may seem strange
that they are both to be described by the same set of equations, even though
we are restricting ourselves to the limiting case of a large number of systems
in the assembly. The solution of this paradox lies in the fact that there is
an essential difference between the mathematical treatments of the two assemblies,
in spite of the similarities pointed out above, as may be seen from the following
discussion. An assembly of independent systems is described as completely as
quantum mechanics allows when we are given the number of systems in each state.
The modulus of the Schrédinger function (¢'®|) is then determined for each
state ¢(*, but not its phase. This phase has no physical meaning. We must
average over all values of this phase if it appears in the result of any calculation.

Hthe original has « as the qualifying indices}
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On the other hand, for an assembly satisfying the Einstein-Bose statistics, the &;'s
are observables and their phases as well as their moduli are of physical importance.
An Einstein-Bose assembly is not described as completely as it might be unless
the phases of the £,’s are given as well as their moduli.

When we do not take the limiting case of a large number of systems,
the differences between the Einstein-Bose assembly and independent assembly
are greater. To obtain the equations for the Einstein-Bose assembly from those for
the independent assembly we must apply a sort of quantization to the Schrodinger
function, i.e. we must replace the numbers composing the Schrodinger function by
observables satisfying definite commutability relations.

69. Application to Photons

In applications of the above theory it is convenient to take the ¢’s to be constants
of the motion for an unperturbed system, so that the ¢(®’s label the stationary
states of the unperturbed systems and the n,s are the numbers of systems in
the stationary states. In the case of photons this means we must take the ¢’s
to be the three Cartesian components of momentum together with a variable
specifying the polarization, which variable may be taken to be the direction of
the electric vector for a linearly polarized photon. The polarization variable will
now continually occur in our calculations along with the momentum. For brevity
this polarization variable will usually not be explicitly mentioned but will be
understood. Thus when we say a certain photon has a definite momentum, it is
to be understood that it has also a definite polarization, and the set of three
variables p,, p,, p. (which may be abridged to p) specifying this momentum
is to be understood as containing a fourth variable specifying the direction of
the electric vector. Again, when it is said that an integration is made over all
values of the variables p,, p,, p., a summation over the two independent states of
polarization is implied as well.

We can apply the theory at the end of §67 to the interaction of a number of
photons with an atom, the atom being the perturber. The energy U for a photon
will consist of its proper energy hvr together with its interaction energy with
the atom, V' say. Hence

Uay = hv/gdap, + Vs,

v, being the frequency of a photon in the stationary state a. The Vs,
like the Ugy’s, will be functions of the dynamical variables of the atom. The total



69. Application to Photons 219

Hamiltonian, given by (9) and (8), may now be written

H = Hp + ZTL2 Wa ab(nb + 1)% —iwy

= Hp +Znalwa + Zni Wa\(ng 4 1)2e ™™ (14)
— HP+HR+HQ7

Hpr being the total proper energy of the radiation and Hg the total
interaction energy.

Now photons have the peculiarity that they can be created and annihilated,
as happens whenever one of them is emitted or absorbed by an atom,
while our theory of the Einstein-Bose assembly has been built up on the basis
of the conservation of the total number of systems. We can, however, reconcile
our theory with this peculiarity of the photons by assuming a zero state for
the photons, in which they have no momentum and energy and are not physically in
evidence. We can now say that when a photon is absorbed or emitted, it jumps into
or out of this zero state respectively, and can in this way preserve the constancy of
the total number of photons. Since there is no limit to the number of photons that
may be emitted, we must assume the number in the zero state to be infinite,
i.e. ng = oo. This makes the angle variable conjugate to ny a constant of
the motion, since

d ‘ ‘
th—e'" = e""H — He"™®
dt ' '
= ("ng — nge") (hvy + Vio)

+ [eiwon% n? “”0] Ze WOV (np 4+ 1)2e 7
b£0
+ ZW aO TLQ + 1)% — (no + 1) Zwo} eiin
a#0
= O’

since vy and Vyo vanish and the quantities in square brackets | | are of order n, ]

In order that the Hamiltonian (14) may remain finite when ng is infinite,
Vao and Vg, must be infinitely small. We shall suppose that they are infinitely
small in such a way that their products with n% are finite and we shall put

(15)

Vio(no + 1)2e=™0 =V,
Viurde™ = 7,
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V, and V, being two new conjugate complex dynamical variables. We may count V,
and V, as functions only of the dynamical variables describing the atom, like Vg
and Vj,, since the other factors on the left-hand sides of (15) are constants of
the motion (ng being effectively constant since changes in ng are small compared
with ng) and have no physical significance. The interaction energy Hy in (14) may
now be written

Hg = S {Vande + Vy(ng + 1)t} + 3 Vigndeie (my + ke, (16)

a,b

the values a = 0, b = 0 being understood to be excluded from the summations here.

A photon has a continuous range of stationary states and not a discrete set,
since its components of momentum may have any values from —oo to oc.
We therefore have to change the sums in (16) into integrals. To do this accurately
would not be very easy, since it would mean dealing according to quantum
mechanics with a dynamical system with continuously many degrees of freedom,
which would require a new scheme of notation and a new mathematical technique.
We are, however, interested in the interaction energy (16) mainly with regard to
the limiting case of large n’s, when classical mechanics may be assumed to apply
for the radiation, since we wish to compare the interaction energy in this case with
that provided by classical electromagnetic theory and thus obtain expressions for
the Vs and Vjs. In this limiting case the passage from sums to integrals is
quite easy.

Let o, denote the number of states of the photon (with a particular
polarization) per unit of momentum space about the momentum p,. We assume
0, to be large, but an arbitrary function of p,, and investigate the limit of (16)
when o, is made infinite. The number of photons (with a particular polarization)
per unit of momentum space about the momentum p, is

TNa = NgO0ygq,

provided n, varies in some roughly continuous way from one state to the next.
Let (p/|V|p") be the matrix* representing the interaction energy V for one photon
in the ordinary p-representation for that photon. This ordinary p-representation
differs from the one we have used up to the present in this chapter, in which V is
represented by V;, only through the weight function. In the former representation
the weight attached to a small domain dp, of momentum space is just dp,, while in
the latter it is the number of discrete states in this domain, which is ¢,0p,.

*The matrix elements of this matrix are actually functions of the dynamical variables
describing the atom, like the V;’s, and not numbers, but this does not invalidate the argument.
The representation is an ‘incomplete’ one, the representatives being defined in terms of those of
a complete one by equations like (10).
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The weight function is thus changed by a factor o,. The rule at the end of §24
now shows that the matrix elements in the two representations are connected by

POV p®) = Vap(oa0m)2 (17)

Similarly the matrix elements (p'|V'|0), (0|V|p’), referring to transitions into or out
of the zero state, are connected with V, and V, by

POWVI0) =Vaok,  (O[V[p) = Vol

We can now express the interaction energy (16) in the limiting case of large n'’s,
when the n’s may be assumed to commute with the w’s, in the form

Z{ DV [0)nte™ + (0]V [p@))nke " }ory !

+Z NV Ip®)knpe o oy !

= [{ WV ioe + OV Ik ) dp,
+ / / POV P )nknie ) dpa dpy - (18)

in the limit ¢ — oo. The fact that the ¢’s have disappeared from this result
justifies our method of dealing with a continuous range of states as a limiting case
of a discrete set.

70. Determination of the Interaction Energy
between a Photon and Atom

We shall now determine the matrix elements (p'®[V/|0), (0]V[p'@) and (p@|V'[p®))
by comparing (18) with the classical expression for the interaction energy between
an atom and a field of radiation. For simplicity we shall suppose the atom
to comnsist of a single electron moving in an electrostatic field of force. The field of
radiation may be described by the 4-vector potential, which is to a certain extent
arbitrary and may be chosen so that its time component vanishes. The field is
then completely described by the magnetic potential A,, A,, A, or A. The change
that the field causes in the Hamiltonian describing the atom is now, as explained
at the beginning of §48,

1 e e
‘A) —p*t=S(pA A?
2m{<p+ ) p} mc(p’ )+2mc2

A2 (19)
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This is the classical interaction energy, which is to be compared with (18). The A
that occurs here ought really to be the value of the magnetic potential at the
point where the electron is momentarily situated. It is, however, a good enough
approximation if we take this A to be the magnetic potential at some fixed point
in the atom, such as the nucleus, provided we are not dealing with radiation whose
wave-length is small compared with the dimensions of the atom.

To make the comparison between (18) and (19) we must first resolve the field
of radiation into plane progressive waves. The electric and magnetic fields of
one of these waves, whose frequency is v and whose direction is specified by the
momentum p of the associated photons, are of the form

&, cos[(x,p)/h+ 2mvt + 7], H, cos|(x,p)/h + 27vt + ),

the amplitudes &, and %, being vectors of equal length that are perpendicular to
the direction of motion and to each other. The total electric and magnetic fields
are expressible as Fourier integrals of the form

&~ [ & cos(x.p) /1 2t + 3,1 dp,

H = /,%ﬂpcos[(x, p)/h+2mvt + v,] dp,

&,, H, and 7, being definite functions of the momentum p.
We must obtain the distribution of energy of this field over the various Fourier
components. At time ¢ = 0 we have*

[&2as=[[ 66,1 dp i [ coslix.p) /by sl bt 3, d
://(gp, &y) dp dp'- 3h*{cos(v, + 1) 0(p + p') + cos(vp — )0 (p — 1)},

the integration with respect to x here being similar to that with respect to ¢
performed in §35. Thus

/ &% du — 31 / (&, 8,) cos(p +7p) + &2} dp.

Similarly

[ 0 = / (9, .,) cos(, +7-p) + H2} dp.

*¢.? replaces ‘.’
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On account of the connexion between the vectors &, and £, we have é’g = Jff
and also (&,,6_,) = —(,, H#’_,). Hence the total energy is*

1/87r-/(6’2+3f2) dx :h3/87r-/£’5 dp,

and the energy per unit of momentum space is h%/87 - é’;. This may be equated
to hvpn,, the n having the same meaning as in the preceding section. Thus

é’; = 8Th ™ *vpn,.

The vector potential A may be expressed as a Fourier integral in the same way
as & and . We shall have

A=— / A, sin[(x,p)/h + 27wt +7,] dp, (20)
the vector A, being in the same direction as &, and having its length given by
2 2
c 2c
A = & = . 21
P (27Tl/p> P 7Th2upnp (21)

At the origin A will have the value
A= —/Ap sin[2mvt +,] dp = /Ap cosw, dp,

w, being an angle variable of the same nature as those occurring in (18). This value
for A substituted in expression (19) for the interaction energy gives

e/c /(X, A,)cosw, dp + 62/2m02-//(Ap,Ap/)coswpcoswp, dp dyf

_ef2Y[L. 4 d e’ 1 0. pint dp dp'
=7\ V—%xpnp coswy dp +7Tmh2 V%Vi, COS Oy 1511, COS Wy, COS Wy dp dp’,

(22)

with the help of (21), where &, is the component of X in the direction of A, or &,
and 0, is the angle between the vectors A, and A,.

If we write (22) in terms of ™ and e ™ instead of cosw and compare it
with (18), we obtain

e 1
V190)=(0|V|p) = ———1
(IVI0) = (O1V) = 555
e? 1 (23)
(p|V|p,) = 575 1 1t COS epp"

= -
2mmh A%



224 XII. THEORY OF RADIATION

We also find that there are certain terms in (22), namely those involving
exp i(w, + wy) or exp —i(w, + w, ), which have no corresponding terms in (18).
This discrepancy shows the inadequacy of the assumption that the Hamiltonian
describing the interaction of an assembly of photons with an atom is of the form (9).
The extra terms in (22) would correspond to transitions in which two photons are
simultaneously absorbed or emitted and the possibility of such transitions requires
a more complicated interaction energy than that assumed in (9). The physical
effects of these terms are, however, small and unimportant, and so we shall
neglect them.

Equations (23) now give the interaction energy V' between a single photon
and the atom. This interaction energy cannot conveniently be expressed explicitly
in terms of dynamical variables. We can get a complete representation of V' by
introducing a Heisenberg representation for the variables describing the atom.
If the different stationary states of the atom alone are denoted by o/, o”, ...,
we shall have

(o' |V100”) = (00 V[pa”) = & = (ol iy
h (2mv,)?
02 1 (24)
(p/O/‘V’pHCkH) = — 71 COS ep/puéala//.

=5 51
2mmh V;/V;//

Each p here is, as before mentioned, to be understood as including not only
the three Cartesian components of momentum of the photon but also a polarization
variable specifying a direction of electric force. The matrix element (o/|¢,|”) is
the component of the vector (a/|x|a”) in the direction of the electric force specified
by p and similarly 6,,, is the angle between the directions of electric force specified
by p" and p”.

71. Emission, Absorption and Scattering of Radiation

We can now determine directly the coefficients of emission, absorption
and scattering of radiation by substituting in the formulae of Chapter X the values
for the matrix elements given by (24). For the case of emission we can use
formula (56) of Chapter X. This shows that for an atom in a state o’ the probability
per unit time per unit solid angle of its spontaneously emitting a photon and
dropping to a state o of lower energy is

AT WP le 1 2

= 1 " ) 2
h 62 h (27_”/)%(05 |l’p|0é ) ( 5)

Now the energy and momentum of a photon of frequency v are

W = hv, P = hv/c.
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Again from the Heisenberg law (48) of Chapter VI
(o |zpla”) = 2miv(dd, &) (o |z,|a"),

v(d/; o) being the frequency connected with transitions from state o’ to state o’
which in the present case is just the frequency v of the emitted radiation.
These results substituted in (25) make the emission coefficient reduce to

(27v)3

L (el (26)

To obtain the rate of emission of energy per unit solid angle we must multiply this
by hv. If we now integrate over all solid angles, we shall obtain for the total rate
of emission of energy
4 (27v)*
3 3
This is in agreement with expression (50) of Chapter VI and justifies
Werner Heisenberg’s assumption for the interpretation of his matrix elements.
In the same way the absorption coefficient, given by formula (59) of Chapter X,
becomes for photons

[(olex[a”)[". (27)

47Tzh2W (& 1 I - " ? 87T3V / ANY
c2p E(QWV)%(Q [Fpla”)| = c (@lezpla®)"

This absorption coefficient refers to an incident beam of one photon crossing unit
area per unit time per unit energy range. If we take one per unit frequency range
instead of energy range, as is usual when dealing with radiation, the absorption
coefficient becomes

8miv

hc

This result is the same as (24) of §53, if we substitute for the E, there the energy
hv of a single photon. Thus the elementary theory of §53, in which the radiation
field is treated as an external perturbation, gives the correct value for the absorption
coefficient. The average absorption for all directions of motion and of polarization
of the incident beam is

(o lexy ).

873 v

3 ch

which is just equal to the emission coefficient (27) divided by the factor 8whv?/c?

This ratio for the absorption and emission coefficients may be verified by
elementary statistical arguments.

Let us now consider scattering. The true scattering coefficient is given by

formula (38) of Chapter X. Such scattering of photons will not be accompanied by

(olex|a”)
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any change of state of the atom on account of the factor d,/~ in the expression for
the matrix element (p'a/|V[p”a”) in (24). Thus the final energy W’ of the photon
will equal its initial energy WC The scattering coefficient now reduces to'

4, 24 2
e’ /m7c” - cos” O,0,.

This is the same as that given by classical mechanics for the scattering of radiation
by a free electron. We thus see that the true scattering of radiation by an electron
in an atom is independent of the atom and is correctly given by the classical
theory. This result, it should be remembered, holds only provided the wave-length
of the radiation is large compared with the dimensions of the atom.

The true scattering is a mathematical concept and cannot be separated out
experimentally from the total scattering, given by formula (44) of Chapter X.
Let us see what this total scattering is in the case of photons. A modification must
now be made in the application of formula (44) of Chapter X. The summation ),
in this formula may be considered as representing the contribution to the scattering
of double transitions consisting of transitions firstly from the initial state to
state k and secondly from state k to the final state. The first transition may be
an absorption of the incident photon and the second an emission of the required
scattered photon, but it is also possible for the first transition to be the emission
and the second the absorption. It is clear from the general nature of the method
used for deriving formula (44) of Chapter X that both these kinds of double
transitions must be included in the summation ), when this formula is applied
to photons, although only the first of them was taken into account in the actual
derivation given in Chapter X.

For the double transition of absorption followed by emission we must take,
using zero, single prime and double prime to refer to the initial, final
and intermediate k state respectively,

BV ]p°a%) = 0a”|V[p'a®),  (Wa'|VIk) = (Wa'|V]0a"),
E — Ey = h® 4+ Hp(a”) — Hp(a") = h[v* — v(a", )],

where 1V is the frequency of the incident photon and
hv(a” a®) = Hp(a) — Hp(a?).
Similarly for the double transition of emission followed by absorption we must take

(KVIpa%) = (" V]0a®),  (a!|V]k) = (0a/|V]pa”),
E — Ek = hVO + Hp(OéO) — HP(O//) — hUO — hy/ = — h[y/ + 1/(0/’, OéO)L

e replaces .’
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where v/ is the frequency of the scattered photon, there being now two photons,
of frequencies ° and 1/, in existence for the intermediate state k. The expression
for the scattering coefficient now reduces to

{ ’\x ") ("] Eola®) (Oé’lifo|04”)(0<”!if1|a°)} 2

V(a”, aO) v+ V(O/’, aO)

et v

e Vh

h2ct 10 | m

COS 6015a0 r + Z

1

[0

(28)
where xy and z; have been written for z,0 and z,, the components of x in
the directions of the electric vectors of the incident and scattered photons, and 6y,
has been written for 6,0,/, the angle between these electric vectors. If we write (28)
in terms of x instead of x, we get

(2me)* v | h
72 A m o COS 901(5(10&/
2
Sttty { L) _ (o))
’ ’ 0 1" A0 / 1" ~0
~ V0 —v(a” af) v+ v(a af)

(29)
We can simplify (29) with the help of the quantum conditions. We have
xr1ro — X120 = 0,

which gives

Z{ '|z1]a”)(@"|zola”) — (/|zola”)(a"|z1]0”) } = 0, (30)

and also!
r1d0 — Towy = 1/m - (21po — pox1) = ih/m - cos Oy,

which gives'

3 {(@]a]a") - v(a”; a®) (@ |xela®) — v(a, a”)(@|zola”) - (a|21]a)}
1 ik
= — Z— COS 9015a0 ;= COS 9016a0a" (31)
2T, m ™

Multiplying (30) by ¢/ and adding to (31), we obtain!
S {(@ ol (@ zola®) [/ + v, o)) = (fzola”) (o for}a) [ + v(als o)}

= h/2mm - cos 0p10,04



228 XII. THEORY OF RADIATION

If we substitute this expression for’ A/27m - cosfy16404 in (29), we obtain,
after a straightforward reduction making use of identical relations between the v’s,

3 { (a'z1|a”) (a"zola®) (a’lwo|a”)(a”lx1\a0)}

V0 — v(a’ af) v+ v(a af)

(27T6)4 VOV/3

o (32)

all

This gives the scattering coefficient in the form of the effective area that a photon
has to hit per unit solid angle of scattering. It is known as the Kramers-Heisenberg
dispersion formula, having been first obtained by these authors from analogies with
the classical theory of dispersion.

The fact that the various terms in (29) can be combined to give
the result (32) justifies the assumption made in deriving formula (44) of
Chapter X, that the matrix elements (p'a/|V|p”a”) of the interaction energy are of
the second order of smallness compared with the (p'a|V|k) ones, at any rate when
the scattered particles are photons.

72. Einstein’s Laws of Radiation

In the preceding section we determined the probability coefficients for absorption,
emission and scattering of a photon by an atom. We were there concerned
with only a single photon interacting with the atom (or at most with two),
the interaction energy being given by (24). To complete our theory of radiation
we require to know the laws governing the interaction of a number of photons
with the atom. If the atom is exposed to an incident beam of radiation containing
many photons, how do the absorption, emission and scattering probabilities depend
on the intensity of this beam?

This question cannot, of course, be answered simply from a consideration of
the interaction energy, defined by (24), for a single photon. We have to rely* on
the general interaction energy (16) for a number of photons, and this requires
incidentally that we must perform the passage from sums to integrals once again.
We make use of the general result (28) of §54, according to which a transition
probability is proportional to the square of the modulus of the matrix element of
the perturbing energy that refers to this transition.

Let us consider an absorption process in which the number of photons in state
a is reduced from n, to n, — 1, the atom simultaneously jumping from state o to
state o’/. The probability of such a process will be proportional to the square of
the modulus of the matrix element

(ning...ng...a°Hglning ... .n, —1...a/)

e replaces .’
*‘rely’ replaces ‘fall back’
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of the total interaction energy Hg. The only term in the expression (16) for Hy
which can contribute to this matrix element is V,n2e™+ This matrix element
is thus proportional to ni and the transition probability is proportional to n,.
The passage from sums to integrals is now quite trivial, the final result being
that the probability of an absorption process is proportional to the intensity of
the incident radiation.

Similarly for an emission process, in which the number of photons in state a is
increased from n, to n, + 1, we must consider the matrix element

(ning...ng...a°Hglning ... .ng+1...a/).

The only term in expression (16) that contributes to this is V,(n, 4+ 1)%e""",
This matrix element is thus proportional to (n,+1)? and the transition probability
to ng, + 1. In the same way a scattering process, in which the number of photons
in state a is decreased from n, to n, — 1 and that in state b is increased from ny to
ny + 1, is due to the term Vyyn2e™a(n, + 1)2e~"¢ if it is a true scattering process,
and to the product of the two terms %n%ema and Vb(nb + 1)%e‘iwb, if otherwise.
The scattering probability is thus in any case proportional to n.(n, + 1).
To interpret these results we must now make an accurate passage from the discrete
to the continuous ranges of stationary states for the photons.

Suppose we have a distribution n, of photons over the discrete states a.
To obtain the density of these photons (in ordinary space) we may
suppose them to be represented by a Schrodinger function (p(“)]) = ni,
and transform this Schrédinger function to the (z,y, z)-representation by means
of the transformation function (z|p(®). This transformation function must now
have the value

3 1
R _1
6P )/hga 2

(a[p®) =h
differing from the value given by (36) of Chapter VI by the factor o % on account of
the weight function of our present p-representation differing from that of the usual
one by the factor o,, as was discussed in obtaining equation (17). Thus

1

_3 . a 1 1
(z]) = Z(ﬂp(a))(p(a)) —5 2 Zez()gp hp2 o2,

a

Suppose n, has the value unity for one state p and zero for all the others. We shall

then have \

(ZE") —h ?ez’(x,p)/ho__%’

and the density of photons will be

() = h%0"
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For an arbitrary distribution n, of the photons over the discrete states a,
the photon density will be given by addition of the contributions from each state

and will therefore be
h3 Znaaa_l = h_S/na dpg.

Thus the number of photons per unit volume per unit of momentum space is h~3n,,
corresponding to an energy h~2v,n, per unit volume per unit of momentum space.
The intensity per unit frequency range, equal to ¢ times the energy density per
unit solid angle per unit frequency range, is therefore*

I, = hv2/c* - n,.

The probability for an emission process, which we found was proportional to
ne + 1, is thus proportional to I, + hv2/c?. This means that with no incident
radiation there is still a certain amount of emission (which is, in fact, given by
expression (26)), but that the emission is increased or stimulated by incident
radiation in the same direction and having the same frequency (and state of
polarization) as the emitted radiation under consideration. Our present theory
of radiation thus completes the imperfect one of §53, and gives a ratio for
the stimulated and spontaneous emissions in agreement with Einstein’s laws of
radiation discussed at the end of §53.

The probability for a scattering process from state a to state b, which we found
was proportional to n,(n,+ 1), is in the same way proportional to I,(I, + hvj /c?).
Thus the scattering of radiation is also stimulated by incident radiation in
the same direction and having the same frequency as the scattered radiation.
The stimulation phenomenon is, in fact, a general one, as has been shown by
Albert Einstein and Paul Ehrenfest! from general statistical arguments.

*¢.7 replaces ‘.

tEinstein, A., Ehrenfest, P. Zur Quantentheorie des Strahlungsgleichgewichts. Z. Physik 19,
301-306 (1923). https://doi.org/10.1007/BF01327565 See also Pauli, W. Uber das thermische
Gleichgewicht zwischen Strahlung und freien Elektronen. Z. Physik 18, 272-286 (1923).
https://doi.org/10.1007/BF01327708



XIII. RELATIVITY THEORY OF
THE ELECTRON

73. Relativity Treatment of a Single Particle

OUR theory of special dynamical systems from Chapter VI onwards was essentially
non-relativistic. We worked all the time with one particular Lorentz frame of
reference and did not make it an essential requirement of the theory that its results
should be independent of this frame. Let us now inquire into what sort of
modifications we may expect relativity to introduce.

It is fairly certain that the general theory of states and observables developed
in Chapters IT-V will apply also to relativity treatments of dynamical systems.
We are faced with the problem, however, of deciding with what observables we shall
now work. There are serious disadvantages in taking these observables to be
the values, & say, of dynamical variables ¢ at the time ¢t. If the &/s occur in
our analysis, they would have to appear on the same footing as the &,’s, the values
of the £’s at the time 7 in some other Lorentz frame. We should therefore require
to know the relations between the &/s and the &’s, and these would in general be
very complicated and artificial, as they would require us to connect distant parts of
space-time. In any case the &/s are not quantities that could easily be observed and
we should not expect them to play any fundamental role in the theory. A possible
way out of the difficulty would be to build up a purely field theory and to take
as observables the values of the field quantities at definite points in space-time.
This appears to be the most straightforward way of dealing with general dynamical
systems on relativity lines, but it involves complicated mathematics and appears
to be too difficult for practical application.®

The difficulty of a relativity treatment becomes much less severe when
one confines one’s attention to the problem of a single particle moving in a given
field of force. If we now take a representation in which the observables x;, vy, 2;

$See Heisenberg, W., Pauli, W. Zur Quantendynamik der Wellenfelder. Z. Physik 56, 1-61
(1929). https://doi.org/10.1007/BF01340129; Heisenberg, W., Pauli, W. Zur Quantentheorie
der Wellenfelder. II. Z. Physik 59, 168-190 (1930). https://doi.org/10.1007/BF01341423.
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specifying the position of the particle at time ¢ are diagonal, we have as the wave
function representing a state a function (z;y; z¢|) of the three variables x;, v, 2
depending on the parameter ¢, which is the same as a function (zyzt|) of the four
variables z, y, 2z, t. The domain of our wave function thus becomes identical
with the ordinary space-time continuum, and this circumstance makes possible
an elementary treatment of the problem and allows us to use considerations
which cannot be extended to more general dynamical systems. We may expect,
for instance, the physical conditions at any point in space-time to depend only on
the value of the wave function at that point and neighbouring points, and thus
the wave function, if not actually invariant under a Lorentz transformation,
should transform according to simple laws.

Let us now see how we can bring the momentum of the particle into the theory.
The value of a component of momentum at a specified time is an observable
of a rather artificial kind, even in the case of a system with a single particle,
and we should not expect it to play an important role. This observable,
we saw in §360, is connected with a certain space-displacement operator, which,
when it operates on any wave function, produces at the specified time, just a spatial
displacement, the value of the new wave function at any other time being then
determined by the wave equation. It would seem more natural in a relativity
theory to deal with an operator which produces at all times simply a spatial
displacement of the wave function, such an operator being essentially a simple
partial differentiation of the type 9/0x of the wave function (zyzt|) in four
variables. The result of such an operator operating on a wave function is a new
wave function which in general does not satisfy the wave equation and hence
does not represent a state of the system, so that this operator is not an observable.
All the same we may expect the operator —ihd/0x to play the part of a momentum
in the theory, in spite of the fact that since it refers to momentum in general and not
momentum at a particular time, we can give no precise meaning to an observation
of it.

Thus we are led to introduce the operators

0 0 0
o= b, py=—ih,p.=—ih, 1
b e Py ' dy b R (1)
and also the corresponding
0
W =ih— 2

referring to time displacement, to play the part of momentum and energy.
They can operate on any wave function, but since the result of such operation
does not satisfy the wave equation and does not represent a state, they are not
observables. All the same they may be used in algebraic analysis like observables
and will satisfy all the axioms of ordinary algebra except the commutative
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law of multiplication. The complete algebraic scheme of Chapter II will not,
however, apply, since we cannot interpret ¢ as a number when « is an operator of
this more general kind. It will be more convenient in the present chapter to regard
the symbols 1, p, &c., not in the abstract sense of Chapter II, but as wave functions
and linear operators in the x, y, z & t representation.

74. The Wave Equation for the Electron

Let us consider first the case of the motion of an electron in the absence of
an electromagnetic field, so that the problem is simply that of the free particle,
which was discussed in §39. The Hamiltonian for this system provided by classical
mechanics is given by equation (1) of §39, and this leads to the wave equation (5)
of that section. This wave equation may be written

(W/ec— (m? +p2+pl+p2)}v=0, (3)

where W and the p’s are to be interpreted as operators in accordance with
equations (1) and (2). Equation (3), although it takes into account correctly
the variation of the mass of the particle with its velocity, is yet unsatisfactory
from the point of view of relativity, because it is very unsymmetrical between W
and the p’s, so much so that one cannot generalize it in a relativistic way to the case
when there is a field present. We must therefore look for a new wave equation for
the free particle.

If we multiply the wave equation (3) on the left by the operator
{W/c+ (m*c + p2 + p2 + p?)#}, we obtain the equation

{(W?/@ —=m?¢ —p2 —p —p2} =0, (4)

which is of a relativistically invariant form and may therefore more conveniently
be taken as the basis of a relativity theory. Equation (4) is not completely
equivalent to equation (3) since, although every solution of (3) is also a solution
of (4), the converse is not true. Only those solutions of (4) belonging to positive
values for W are also solutions of (3).

The wave equation (4) is not in agreement with the general laws of the quantum
theory on account of its being quadratic in W. In §37 we deduced from quite
general arguments that the wave equation must be linear in the operator 9/t
or W, like equation (43) of that section. We therefore seek a wave equation that is
linear in W and that is roughly equivalent to (4). In order that this wave equation
shall transform in a simple way under a Lorentz transformation, we try to arrange
that it shall be rational and linear in p,, p, and p, as well as in W, and thus of
the form

{W/C + opy + Ay Dy + a.p, + 5} 1/} = 07 (5)
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where the a’s and S are independent of W and the p’s. Since we are considering
the case of no field, all points in space-time must be equivalent, so that the operator
in the wave equation must not involve x, y, z or t. Thus the a’s and S must also
be independent of z, y, z and ¢t. They must therefore denote some quite new
dynamical variables, which may be pictured as describing some internal motion in
the electron. We shall see later that they just describe the spin of the electron.
The a’s and [ must, of course, commute with W and the p’s and also with x, ,
z and t.

Multiplying (5) by the operator {W/c — a,p, — aypy, — azp, — S} on the left,
we obtain

{W2/02 = > [0202 + (a0 + ayan) papy + (0 + Bag) pa) — 52} ¢ =0.

z,y, 2
This is the same as (4) if the a’s and (3 satisfy the relations
ozi =1, 0z + a0, = 0,
B2 =m?c®,  a,f+ fa, =0,
together with the relations obtained from these by permuting x, y and z. If we write
B = ame,

these relations may be summed up in the single one,

a,a, + oy, =26, (1,v=2,y,z 0 m). (6)

The four a’s all anticommute with one another and the square of each is unity.

Thus by giving suitable properties to the a’s and § we can make the wave
equation (5) equivalent to (4), in so far as the motion of the electron as a whole
is concerned. We may now assume (5) is the correct relativity wave equation
for the motion of an electron in the absence of a field. This gives rise to one
difficulty, however, owing to the fact that (5), like (4), is not exactly equivalent
to (3), but allows solutions corresponding to negative as well as positive values
of W. The former do not, of course, correspond to any actually observable
motion of an electron. For the present we shall simply evade the difficulty by
ignoring the negative-energy solutions. Their proper physical interpretation will
be discussed in §79.

We can easily obtain a representation of the four a’s. They have similar
algebraic properties to the ¢’s introduced in §43 to describe the spin of an electron,
which ¢’s can be represented by matrices with two rows and columns. So long as
we keep to matrices with two rows and columns we cannot get a representation
of more than three anticommuting quantities, and we have to go to four rows and
columns to get a representation of the four anticommuting «o’s. It is convenient
first to express the a’s in terms of the o¢’s and also of a second similar set
of three anticommuting observables whose squares are unity, pi, p2, p3 say,
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that are independent of and commute with the o’s. We may take, amongst other
possibilities,

Qp = P10z,  Qy = P10y, Az = P10z, Qm = 03, (7)
and the o’s will then satisfy all the relations (6), as may easily be verified. If we
now take a representation with ps3 and o, diagonal, we shall get the following
scheme of matrices:

0100 0 —i 0 0 1 0 0 0
o _|tooo] _fi oo o] _|0-10 0
*=looo1) %" |o oo =) " lo o 1 0]
0010 00 i 0 0 0 0 —1
0010 00 —i 0 10 0 0
0001 00 0 —i 01 0 0
PP=11 000 27 lio o of 2 loo0o -1 o0
0100 047 0 0 00 0 -1

Corresponding to the four rows and columns, the wave function must have four
components. We saw in §43 that the spin of the electron requires the wave function
to have two components. The fact that our present theory gives four is due to our
wave equation (5) having twice as many solutions as it ought to have, half of them
corresponding to states of negative energy.

With the help of (7), the wave equation (5) may be written in the vector form

{W/e+ pi(o,p) + psmep = 0.

To generalize this equation to the case when there is an electromagnetic
field present, we follow the classical rule of replacing W and p by W + eA andf
p+e/c-A, Ay and A being the scalar and vector potentials of the field at the place
where the electron is. This gives us the equation

{—+EA0+/)1 (0,p+EA> +p3m0}w=0, (8)
C C C

which is the fundamental wave equation of the relativity theory of the electron.
The conjugate imaginary equation

14
¢{—+EA0+P1 (a,p+EA)+p3mc}=0 9)
c c C

must be treated on the same footing as (8). The operators W and p in (9),
which operate to the left, must be interpreted, according to §836 and 37, as having
the meanings in equations (1) and (2) with the signs reversed.

te> replaces ¢’
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75. Invariance under a Lorentz Transformation

Before proceeding to discuss the physical consequences of the wave equation (8)
or (9), we shall first verify that our theory really is invariant under a Lorentz
transformation, or, stated more accurately, that the physical results the theory
leads to are independent of the Lorentz frame of reference used. This is not by any
means obvious from the form of the wave equation (8). We have to verify that,
if we write down the wave equation in a different Lorentz frame, the solutions
of the new wave equation may be put into one-one correspondence with those
of the original one in such a way that corresponding solutions may be assumed
to represent the same state. For either Lorentz frame, the square of the modulus
of the wave function, summed for the four components, gives the probability
per unit volume of the electron being at any given place in that Lorentz frame.
This probability is of the nature of an electric density (and will be called the electric
density in future, for brevity), and its values, calculated in different Lorentz
frames for wave functions representing the same state, should be connected like
the time components in these frames of some 4-vector. Further, the 4-dimensional
divergence of this 4-vector should vanish, signifying conservation of charge, or that
the electron cannot appear or disappear in any volume without passing through
the boundary.

For discussing Lorentz transformations it is convenient to make a slight change
in our notation. We shall use the suffixes 1, 2, 3 instead of z, y, z and shall put
po for W/ec, and we shall also use the convention that terms containing a repeated
suffix are to be summed over the values 0...3 for that suffix. We can now write
equation (8) in the form*

{au(py+e/c-Ay) + ammelp =0, (10)
ap being equal to unity, and similarly we can write equation (9) in the form*
{au(p,+efc-A,) + ayme} = 0. (11)

We now apply a Lorentz transformation and denote quantities referring to
the new frame by a star. The components of the 4-vectors p and A will transform
according to a linear law of the type'

Pu = a;wpia Au = a/wA;t- (12)

Substituting these expressions for p, and A, in equations (10) and (11), we obtain*
[t (95 + efc - A7) + ey = 0 (13

and d{aua(p) +efc- AY) + amme} =0 (14)

We now try to bring these equations back to the form of the original (10) and (11)
by introducing a new wave function ¢*, whose four components are linear functions

*¢ )

replaces ‘.’
tOriginal has a;;
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(with constant numerical coefficients) of the four components of the original 1.
This means that 1* is connected with v by an equation of the type

V* =, (15)
where 7 is an operator, like the a’s, which can be represented as a matrix with
four rows and columns. The conjugate imaginary equation to (15) is

9" = ¢7.
Equations (13) and (14) will go over into the equations*
o, (pl +e/c- AL) + apme}p™ =0 (16)
and o {a,(ps +efc- AL) + ayme}y =0 (17)

provided we can choose 7 such that?
7051/@;/7 = OQup, Yy = Q. (18)
These equations (16) and (17) are of the same form as (10) and (11), as required,
since one can divide out by the extra factors 7 and 7.
In order to verify that we can always choose 7 to satisfy equations (18),
let us first take the special case when the change of our frame of reference

consists simply of a rotation through a hyperbolic angle 6 in the zt plane, so that
the transformation equations for the components of a 4-vector are of the type

po = pycoshf + pysinh 6,
p1 = pysinh 6 + pj cosh 0, (19)
P2 =D P3=Ds

The values of the a,, may be written down at once from a comparison of

these equations with (12). With these values for the a,, it is easy to see that
equations (18) hold when we take

[N

v = et =7, (20)

We have, in fact, Fagy =77y = /™
=140 +60%2/2! +6%a3 /3 4 - - .
On account of a? = 1, this reduces to
Fagy ={1+6%/20+ -} +a {0 +6°/31 +---}

= cosh 0 + o sinh 0

= g cosh 6§ + a;q sinh 6.
Again, Yaqy = agyy = apsinh 6 4+ a; cosh 6.
Further, Fagy = ¥ edfon = Mgy, — ¢,

$Original has the suffix p displaced incorrectly
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since g anticommutes with oy, which results in asf(ay) = f(—aj)as for any
function f(aq) of ay. Similarly

Yoazy = Q, VO Y = Q.
Thus the five equations (18) hold with v given by (20) when the a,, are given
by (19).

As a second typical change of the frame of reference, we may consider a rotation
through an angle 6 in ordinary space about the z-axis. The transformation
equations are now . .
Po = Py, P1 =D
P2 = pycosB + p3sin b,
p3 = —pysinf + ps cos 6.

With the new values for the o, we can easily verify that equations (18) hold with

—30azas3 = —30azas _ e%90426!3

Y=¢€ ) T=E€
the analysis being very similar to the preceding case.

If two changes of the frame of reference are made consecutively, we simply have
to multiply the corresponding v’s to get the v for the resultant change. Now any
change of the frame of reference may be built up from two rotations of the types
we have considered, and hence there will always be a ~ satisfying (18).

In this way we see that the solutions of the wave equation in the new frame of
reference, equation (16), can be put into a natural one-one correspondence with
those of the original wave equation (10), corresponding solutions being connected
by (15), and we may assume that corresponding solutions represent the same state.
It remains for us to verify that the electric density transforms like the time
component of a 4-vector and that the divergence of this 4-vector vanishes.

We shall introduce the notation ¢,.1)s to denote the sum of the product of
each of the four components of ¢, with the corresponding component of ;.
In the same way ¢&.m, where £ and 7 are any linear operators that can operate
on the wave functions, will denote the sum of the product of each component
of ¢¢ with the corresponding component of 1. Our new symbols of the type
o&.mp are functions of z, y, 2z and ¢, and are quite distinct from the products
oény of Chapter TI, which products, we have seen, have in general no meaning for
the more general type of linear operator with which we are now dealing. It should
be noted that

Y

b.01) = pay (21)

when « is one of the a’s in the wave equation, or more generally when it is any
operator which means simply taking four linear functions (whose coefficients are
numbers or functions of z, y, z and t) of the four components of the wave function.

We can now express the electric density as ¢.1), which is the same as ¢.cgy or
pap.1p since oy = 1. Let us see how the four quantities ¢.o,1, with p=0,..., 3,
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transform under a Lorentz transformation. We have, from (15) and (18),

Pr. )t = Y. = P, Y
= .00, = (P.00) .

Comparing this result with (12), we see that the four quantities ¢.cv,¢ transform
like the covariant components of a 4-vector. The contravariant components will be

¢'¢a —¢.Q1¢, _¢'a2¢7 —¢.@377Z).

This verifies that our electric density ¢.1) is the time component of a 4-vector
and that the corresponding space components are —¢.a.¢p (with r = 1,2,3).
These space components give the electric current, or, more accurately,
the probability of the electron crossing unit area per unit time.

The divergence of our 4-vector is

Zi (o), (22)

where xy denotes ¢t and the + sign means that the + sign is to be taken for
=0 and the —sign for = 1,2, 3 before one does the summation. To prove this
divergence vanishes, multiply equation (10) by ¢ and (11) by ¢, taking the sum
over the four components in each case, and subtract. The result is

(b-a,up;ﬂ/} - (ba,up,u-w =0
the other terms cancelling on account of (21). With the help of (1) and (2)

this gives 0
Z + {¢ Ma 0 O‘M ¢}

which just expresses the Vamshmg of (22). In thls way we complete the proof that
our theory gives consistent results in whichever frame of reference it is applied.

76. Existence of the Spin

In §74 we saw that the correct wave equation for the electron in the absence
of an electromagnetic field, namely equation (5), is equivalent to the wave
equation (4) which is suggested from analogy with the classical theory.
This equivalence no longer holds when there is a field. By treating the correct
wave equation for this case, namely (8), in the same way as we treated (5) and
comparing it with the wave equation to be expected from analogy with the classical

theory, namely
wooe Y e\ 2 2
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in which the operator is just the classical relativity Hamiltonian, we may expect
to get an indication of the new physical features of the present theory.

We must multiply (8) by some factor on the left to make it resemble (23) as
closely as possible. Taking this factor to be

W e e
— + _AO — P <U7 p + _A> — p3mc,
& C &

we get

2 2
(e o) o
C C C
w w
+p1 [<—+9Ao> (a, p+9A> - (a, p+9A> (—+5A0)] }¢=0.
C C C Cc C C

(24)
We now use the general formula, that, if B and C are any two vectors that commute

ith o,
Wit (o, B)(o, C) = Z {O§B$Cz + 0,0,B,C, + ayaszC’z}

Tyz

=(B,C)+i Y _0.(B.C, — B,C,)

Yz
= (B, C) +i(g, BxC) (25)
Taking* B=C =p+e/c- A, we find, since
<p+EA> X (p—l—%A) zg{pr+A><p}
= —ihe/c-curl A = —ihe/c - H,

where S is the magnetic field, that

e \2 e \2 he

(o’, p+ —A) = (p + —A) + —(o, ).

c c c

Also we have

<K + EAo) (a’, p+ EA) — (a, p+ EA) (K + EAO)
c ¢ c c c ¢

_¢ (a, Wa-ayap- pA0>
c c c
the 10A he
= 7 (0’7 EE +gradA0) = —Z?<O', g)

where & is the electric field. Thus (24) becomes

2 2
{(K+EAO> —(p—i—EA) —m262—@(G,jf)—iplﬁ(d,g)}iﬂzo.
C C C C C

*¢.7 replaces *.
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This equation differs from (23) through having two extra terms in the operator.
The electron according to the present theory is more closely analogous to a classical
system with the Hamiltonian function

2 2
W h h

(— + EAo) - (p + EA) —m?c® — —6(0', H) — z'pl—e(O', &).
c c c c c

If we neglect relativity corrections, so that we can put W = mc? + W, and count
Wy as small, this Hamiltonian reduces, after division throughout by 2m, to
1 e \2 he . he
Wy — 4 —eAp+ — <p + —A) +—(o, ) +ipp—(0,8) .
2m c 2mc 2mc

We can now see that the two extra terms may he considered approximately as due
to the electron possessing an additional potential energy of amount

he . he
Z_Tnc(a-? jf) +Zp1%(0, £)7

which may he interpreted as arising from the electron having a magnetic moment*
—he/2mc - o and an electric moment —ipihe/2mce - o. This magnetic moment is
in agreement with the assumptions of §43 and is what is required by experiment.
The electric moment, on the other hand, is an imaginary* quantity and thus cannot
be considered as having a physical meaning. The Hamiltonian of our original wave
equation (8) is real, and the imaginary term has appeared only on account of our
having performed a rather artificial operation to get a Hamiltonian that can be
compared with the classical one.

The spin angular momentum does not give rise to any potential energy and
therefore does not appear in the result of the preceding calculation. The simplest
way of showing the existence of the spin angular momentum is to take the case
of the motion of an electron in a central field of force and determine the angular
momentum integrals. We therefore take A = 0 and Aj a function of r only, so that
the wave equation (8) becomes

(W —H)yp =0,
where H = —eAy(r) — cpi(o, p) — psmc> (26)
This H is the Hamiltonian to be used in the equations of motion.

If we take the z-component of orbital angular momentum, m, = yp, — zpy,
we find for its rate of change, with the help of commutability relations proved in
3344 and 45, ihm, = m,H — Hm,,

- —cpl{mx(a, p) - (07 p)mr}
= -/ (0-7 m;p — pmx)

= _ihcpl{o-ypz - Uzpy}'

¥pure’ is redundant
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Thus m, # 0 and the orbital angular moinentum is not a constant of the motion.
We have further
tho, = o0,H — Ho,
= _Cpl{o-ﬂﬂ(o-a p) - (U7p>al’}
= —cp1(0,0 — 00, P)

= —2icp1{o.p, — oyp.}
with the help of equations (42) of §43. Hence
ik, + §hio,) = 0,

so that the vector m+3ho is a constant of the motion. This result one can interpret
by saying the electron has a spin angular momentum $ho, which must be added
to the orbital angular momentum m before one gets a constant of the motion.

77. Transition to Polar Variables

For the further study of the motion of an electron in a central field of force, it is
convenient to make a transformation to polar coordinates, as was done in §45 in
the non-relativity case. We can introduce r and p, as before, but instead of k,
the magnitude of the orbital angular momentum m, which is no longer a constant
of the motion, we must now use the magnitude of the total angular momentum
M = m + %ho. If j is this magnitude expressed in units of i, we shall have

J2R = M2 + M7 + MZ +3n’ (27)

The eigenvalues of m, are integral multiples of A, those of 4ho, are =3h, and hence
those of M, must be half-odd integral multiples of h. It follows from the general
result of §30 that the eigenvalues of j must be integers greater than zero.

If in formula (25) we take B = C = m, we get

(o,m)* =m? +i(o, m x m)
=m? — h(o, m)
= (m + 1ho)? — 2h(o, m) — 312

Hence {(o,m) + h}* =M’ + 11

Thus (o, m) + 7 is a quantity whose square is M? +2h? and we could, consistently
with equation (27), define jh as (o, m) + h instead of as the positive square root of
M2 +1h2. This would not be convenient, however, since we want j to be a constant
of the motion and (o, m) + & is not constant. We have, in fact, from applications
of (25),
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(o, m)(o,p) =i(o,m x p)

and (o.p)(0".m) = i(or,p x m),
so that*

(07 m)("? p) + (0‘, p)("? m) - ZZ am{mypz — MzPy _'_pymz - pzmy}

= iZam - 2ihp, = —2h(o, p),
or {(o,m) + B}, p) + (&, p){ (7, m) + b} = 0.

Thus (o,m) + h anticommutes with one of the terms in the expression (26)
for H, namely the term —cp; (o, p), and commutes with the other two. It follows
that ps{(o,m) + i} commutes with all the three terms in H and is a constant
of the motion. But the square of p3{(o,m) + h} is also M? + k% We can
therefore take

]h = p3{(0', m) + h}7 (28)

which gives us a convenient rational definition for j which is consistent with (27)
and makes j a constant of the motion. The eigenvalues of this j are all positive
and negative integers, excluding zero.

By a further application of (25), we get

(o,x)(0,p) = (x,p) + i(o, m)
= rp, + ipsjh, (29)
with the help of (28) and also of equation (13) of Chapter VIII. We introduce

the observable e defined by
re = pi(o, m). (30)

Since r commutes with p;, and with (o, m), it must commute with e. We thus have

r?e = [pi(o, x)]* = (o, x)* = x> =12

or e =1.
Since there is symmetry between x and p so far as angular momentum is concerned,

p1(o,x), like py(o, p), must commute with M and j. Hence e commutes with M
and j. Further, ¢ must commute with p,, since we have

(o, m)(x,p) - (x,p)(0,%) = (o, x(x, p) = (%, p)x) = (7, X).

which gives re(rp, +ih) — (rp, + ih)re = ihre
or re(pr + 2ih) — (rp, + th)re = ihre,
which reduces to epr — pre = 0.

*¢.7 replaces ‘.’
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From (29) and (30) we obtain
Tepl(a-u p) =7Tpr + 2P3]h

or pi(o,p) = ep, +iepsjh/r.

Thus H/c=—e/c- Ay — ep, —iejh/r — psmec.

This gives our Hamiltonian expressed in terms of polar variables. It should be
noticed that € and p3 commute with all the other variables occurring in H and
anticommute with one another. This means that we can take a representation in
which € and p3 are represented respectively by the matrices

C 60

and in which r, say, is diagonal, and the wave function (r|) will then have
two components, (r|), and (r|), say, referring to the two rows and columns of
the matrices.

78. The Fine-Structure of the Energy-Levels of
Hydrogen

We shall now take the case of the hydrogen atom, for which Ay = e/r, and work out
its energy-levels, given by the eigenvalues H' of H. The equation (H' — H)Y =0
which defines these eigenvalues, when written in terms of representatives in
the representation discussed above with € and p3 represented by the matrices (31),
gives the equations

(5542 ) 0o = g = 22+ metr =0

c cr or

H € 0 jh
(5 + ) 0o = gt = 2201+ e =0
If we put
_ ok
me+H'je " me—H'/c

these equations reduce to

a9, (32)

(33)

where a = €?/hc, which is a small number. We shall solve these equations by
a similar method to that used for equation (20) in §46.
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Put —r/a —r/a
(ra=ef,  (r])y =7/,

introducing two new functions, f and g, of r, where

a = (a1as)* = A(m*¢ — H? /)% (34)

Equations (33) become
1 « o 1 '
() (-
a; T ar a r
1 « o 1 '
() (-
as T or a r
We now try for a solution in which f and g are in the form of power series,

f= Z s, g= Z s (36)

S

(35)

in which consecutive values of s differ by unity though these values need not
be integers. Substituting these expressions for f and ¢ in (35) and picking out
coefficients of 7°~!, we obtain

(37)

/

Cs—1/a1 + acs — (s + j)cls + C;—l/a’ =0,
—c._Jas + ac, + (s — j)c — cs_1/a =0,

By multiplying the first of these equations by a and the second by ay and adding,

we can eliminate both ¢,_y and ¢,_,, since from (34) a/a; = as/a. This gives

cslaa + as(s — j)] + cagar — a(s + 7)] = 0, (38)

a relation which shows the connexion between the primed and unprimed c’s.

The boundary condition at r = 0 requires that the series (36) shall terminate
on the side of small s. If sq is the minimum value of s for which ¢, and ¢, do not
both vanish, we obtain from (37), by putting s = 5o and ¢,,—1 = ¢,_; = 0,

acs, — (504 j)c,, =0,
aC;O + (80 - j)cso - O,
which give o = —s2 + 52
Since the boundary condition requires that the minimum value of s shall be greater
than zero, we must take
So = + j2 —a?.
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To investigate the convergence of the series (36) we shall determine the ratio
cs/cs—1 for large s. Equation (38) and the second of equations (37) give
approximately, when s is large,

Cslp = Cha
and scs = cs_1/a+c_y/as.
Hence Cs/Cs—1 = 2/as.

The series (36) will therefore converge like

>u(%)

or e¥/® This result is similar to that obtained in §46 and allows us to infer,

as before, that all values of H’ are permissible for which a is* imaginary,
i.e. for which, from (34), H' > mc?, but of those values of H' for which a is real,
only those are permissible for which the series (36) terminate on the side of large s.

If the series (36) terminate with the terms ¢, and ¢, so that ¢4 = ¢, =0,
we obtain from (37) with s+ 1 substituted for s

cs/ar + ¢ /a =0,
—c.Jag — cs/a = 0.

These two equations are equivalent on account of (34). When combined with (38),

they give
Ve ailaa + as(s — j)] = alasa — a(s + j)],
which reduces to 2a1a9s = a(ay — ay)
1 1 H'
or f:%<___)&:_a’
a a, Qs ch

with the help of (32). Squaring and using (34), we obtain
$(m* — H?/*) = o*H" | *

Hence H' _ (1+ 042)%

me? 2
The s here, which specifies the last term in the series, must be greater than sy by
some integer not less than zero. Calling this integer n, we have

s=n++/j%—a?

and thus )2 o? -
=<1+ .
me (n+ /7% — a?)?

This formula gives the discrete energy-levels of the hydrogen spectrum and
was first obtained by Sommerfeld working with Bohr’s orbit theory. There are two

NI=

*‘pure’ is redundant



247

quantum numbers n and j involved, but owing to o being very small the energy
depends almost entirely on n + |j|. Values of n and |j| that give the same
n+ |j| give rise to a set of energy-levels lying very closely to one another, and to
the energy-level given by the non-relativistic formula (27) of §46 with s = n + |j].
For a general value of n, 57 can have any integral value except zero. The value
n = 0 is, however, exceptional as it makes equation (38) vanish identically. A closer
investigation shows that in this case only negative values for j are allowed."

79. Physical Meaning of the Negative-Energy
Solutions

It has been mentioned before that the wave equation for the electron admits of
twice as many solutions as it ought to, half of them referring to states with negative
values for the kinetic energy W + eAj. This difficulty was introduced as soon as
we passed from equation (3) to equation (4) and is inherent in any relativity theory.
It occurs also in classical relativity theory, but is not then serious since, owing to
the continuity in the variation of all classical dynamical variables, if the kinetic
energy W + eAy, is initially positive (when it must be greater than or equal to
mc?), it cannot subsequently be negative (when it would have to be less than or
equal to —mc?). In the quantum theory, however, discontinuous transitions may
take place, so that if the electron is initially in a state of positive kinetic energy
it may make a transition to a state of negative kinetic energy. It is therefore no
longer permissible simply to ignore the negative-energy states, as one can do in
the classical theory.
Let us examine the negative-energy solutions of the equation

{(% + ZAO) + ay (px + ZA:B> + ay (py + ZAy> + o, (pz + ZAZ) + ammc}¢: 0

(39)
a little more closely. For this purpose it is convenient to use a representation of
the a’s in which all the elements of the matrices representing o, o, and o, are real
and all those of the matrix representing a,, are’® imaginary. Such a representation
may be obtained, for instance, from that of §74 by interchanging the expressions for
o, and ay, in (7). With such a representation, if we write —¢ for 7 in the operator

tGordon, W. Die Energieniveaus des Wasserstoffatoms nach der Diracschen Quantentheorie
des Elektrons. Z. Physik 48, 11-14 (1928). https://doi.org/10.1007/BF01351570
$¢pure’ is redundant
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of equation (39), we get, remembering (1) and (2),1

{(EAO - K) + Qg (EAJ: - px) + O./y <EAy - py> + Qi (EAZ - pz) - ammc}w: 0
c c c c c

(40)
Thus the conjugate complex of any wave function that is a solution of (39) is
a solution of (40). Further, if the solution of (39) belongs to a negative value for
W 4 eAp, the conjugate complex solution of (40) will belong to a positive value
for W — eAy. But equation (40) is just what one would get if one substituted
—e for e in (39). It follows that the conjugate complex of any solution of (39)
belonging to a negative value for W + eAj is a solution, belonging to a positive
value for W — eAy, of the wave equation obtained from (39) by substitution of
—e for e, and therefore represents an electron of charge +e, instead of —e, moving
through the given electromagnetic field. Thus the unwanted solutions of (39) are
connected with the motion of an electron with a charge +e. (It is not possible,
of course, with an arbitrary electromagnetic field, to separate the solutions of (39)
definitely into those referring to positive and those referring to negative values
for W + eAy, as such a separation would imply that transitions from one kind to
the other do not occur. The preceding discussion is therefore only a rough one,
applying to the case when such a separation is approximately possible.)

In this way we are led to infer that the negative-energy solutions of (39) refer
to the motion of protons or hydrogen nuclei, although there remains the difficulty
of the great difference in the masses. We cannot, however, simply assert that
the negative-energy solutions represent protons, as this would make the dynamical
relations all wrong. For instance, it is certainly not true that a proton has
a negative kinetic energy. We must therefore establish the protons on a somewhat
different footing. We assume that nearly all the negative-energy states are
occupied, with one electron in each state in accordance with the exclusion principle
of Wolfgang Pauli. An unoccupied negative-energy state will now appear as
something with a positive energy, since to make it disappear, i.e. to fill it up,
we should have to add to it an electron with negative energy. We assume that
these unoccupied negative-enerqgy states are the protons.

These assumptions require there to be a distribution of electrons of infinite
density everywhere in the world. A perfect vacuum is a region where all the states
of positive energy are unoccupied and all those of negative energy are occupied.
In a perfect vacuum Maxwell’s equation

divé =0
must, of course, be valid. This means that the infinite distribution of
negative-energy electrons does not contribute to the electric field. Only departures

IThe original’s bracketed pairs of terms are swapped in order but the commutative law of
addition always applies.
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from the distribution in a vacuum will contribute to the electric density p in

Maxwell’s equation
q divé = —4mnp.

Thus there will be a contribution —e for each occupied state of positive energy
and a contribution +e for each unoccupied state of negative energy.

The exclusion principle will operate to prevent a positive-energy electron
ordinarily from making transitions to states of negative energy. It will still
be possible, however, for such an electron to drop into an unoccupied state of
negative energy. In this case we should have an electron and proton disappearing
simultaneously, their energy being emitted in the form of radiation. Such processes
probably actually occur in nature.

The present theory is very symmetrical between the electrons and protons.
The symmetry is not mathematically perfect, as may easily be verified,
when one takes interaction between the electrons into account. This cause,
however, hardly appears to be sufficient, according to present ideas, to account
for the very considerable observed differences between electrons and protons,
in particular their different masses. Possibly the solution of this difficulty will
be found in a better understanding of the nature of interaction.
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